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ABSTRACT 
 Non-reciprocal wave transmission is a phenomenon witnessed in certain photonic devices 
when the wave propagation dynamics through the device along one direction differs greatly from 
the dynamics along the counter-propagating direction.  Specifically, it refers to significant power 
transfer occurring in one direction, and greatly reduced power transfer in the opposite direction.  
The resulting effect is to isolate the directionality of wave propagation, allowing transmission to 
occur along one direction only.   
 Given the popularity of photonic integrated circuits (PIC), in which all the optical 
components are fabricated on the same chip so that the entire optical system can be made more 
compact, it is desirable to have an easily integrated optical isolator.  Common free-space optical 
isolator designs, which rely on the Faraday effect, are limited by the availability of suitable 
magnetic materials.   
 This research proposes a novel integrated optical isolator based on an array of closely 
spaced, identical waveguides.  Because of the nonlinear optical properties of the material, this 
device exploits the differing behaviors of such an array when illuminated with either a high 
power or a low power beam to achieve non-reciprocal wave transmission in the forwards and 
backwards directions, respectively.  The switching can be controlled electro-optically via an 
integrated gain section which provides optical amplification before the input to the array.  The 
design, fabrication, characterization and testing of this optical isolator are covered in this 
dissertation.  We study the switching dynamics of this device and present its optimum operating 
conditions.    
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CHAPTER ONE: INTRODUCTION 
 Non-reciprocal wave transmission is a phenomenon witnessed in certain photonic devices 
when the wave propagation dynamics through the device along one direction differs greatly from 
the dynamics along the counter-propagating direction.  Specifically, it refers to significant power 
transfer occurring in one direction, determined by the design and operation of the device, and 
greatly reduced power transfer in the opposite direction.  The resulting effect is to isolate the 
directionality of wave propagation, allowing transmission to occur along one direction only.  The 
desirability of directional isolation in electromagnetic wave systems has been apparent for some 
time, mainly for preventing harmful back-reflections from reaching and damaging expensive 
lasers and other optical components.  Such a device that permits electromagnetic wave radiation 
to pass through one direction and not the other is called an optical isolator, also known as an 
optical diode.   
 The Faraday isolator is an example of an optical isolator that is very common in many 
laser laboratories [1-3].  Its operation is based on the Faraday effect, which causes a rotation of 
the plane of polarization of light due to an interaction between the light and a magnetic field in a 
medium.  The angle of rotation is dependent on the strength of the magnetic field component in 
the direction of propagation and the interaction length between the light and the magnetic field.  
The Faraday isolator consists of an input linear polarizer, a polarization rotator based on the 
Faraday effect, and an output linear polarizer that is rotated by 45
o
 relative to the input polarizer.  
The magnetic field for the rotator is chosen for the wavelength of interest so that the polarization 
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of the wave after the input polarizer is rotated by 45
o
 into the plane of maximum transmission in 
the output polarizer.  In the forward direction of transmission, the wave experiences minimal 
attenuation.  However, in the return direction, light will be polarized at 45
o
 by the output 
polarizer, and the Faraday rotator will again rotate the polarization by an additional 45
o
, resulting 
in a plane of polarization that will experience maximum attenuation from the input polarizer.   
 Although effective, the Faraday isolator does have its limitations.  It requires a close 
match between the degree of rotation by the Faraday rotator and the orientation of the output 
polarizer.  Difficulties arise because the amount of Faraday rotation obtained varies as a function 
of ambient temperature and to some extent also as a function of wavelength.  Additionally, 
Faraday isolators are typically used in free space optical systems, which necessarily implies 
certain losses when the light is coupled into and out of the device.  Given the popularity of 
photonic integrated circuits (PIC), which allow optical systems to be made more compact and 
offer the possibility of integration with electronic circuits, it is desirable to have a completely 
integrated optical isolator.  Currently, these Faraday-based isolators are limited by the lack of a 
suitable magnetic material which can be monolithically integrated with other optoelectronic 
devices on the same semiconductor chip.   
 The main goal of the work presented in this dissertation is to introduce and investigate 
the properties of a novel integrated semiconductor optical isolator based on linear and nonlinear 
wave propagation in an array of identical, coupled waveguides.  The proposed device consists of 
a waveguide array with an input and output waveguide that in actuality forms the center 
waveguide of the array.  When the device is operated in its OFF state, the input of the array will 
3 
 
be excited with a low power beam, which will diffract via the evanescent coupling of modes 
between adjacent waveguides known as discrete diffraction.  Because the nature of discrete 
diffraction concentrates the majority of the beam power in two off-center side lobes, the resulting 
power in the output waveguide should be minimal.  However, when the device is operated in its 
ON state, the array will be excited with an input beam of sufficiently high power to cause a local 
nonlinear change in refractive index.  As a result, the coupling process will be inhibited, and the 
excitation energy will remain mostly localized to the input and output waveguide.  In its 
proposed usage, the waveguide array-based optical isolator will be switched ON in the forward 
direction by a sufficiently high power beam, which will be transmitted through.  Any scattered 
back-reflections propagating in the opposite direction will be at reduced power levels, switching 
the device to its OFF state.  The switching ratio between the OFF and ON states of this non-
reciprocal transmission device will be a focus of our investigation.   
 
Figure 1-1 OFF State of the Optical Isolator when the power in the output waveguide is minimal 
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Figure 1-2 ON State of the Optical Isolator when the power is mostly confined to the excited waveguide 
 
 In the passive version of the waveguide array-based optical isolator, the power exciting 
the array will be determined by the beam entering the device, as controlled by the user.  The 
incoming beam must therefore satisfy a certain power threshold level to properly operate the 
device in its ON state.  In the active version of the optical isolator, the input waveguide is 
transformed into a Semiconductor Optical Amplifier (SOA) through the inclusion of an Au 
contact pad [4-6].  Current can be injected into the SOA to amplify any incoming beam to the 
required power levels [7-13].  Since the contact pad is present only on the input side of the 
device, waves propagating in the backwards direction from the output side will not be amplified 
before entering the array, and the non-reciprocal nature of the transmission is not violated.   
 
Figure 1-3 Active version of the Optical Isolator which includes an SOA along the input waveguide 
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 As can be seen from Figure 1-3, the proposed integrated optical isolator consists of two 
sections: an optical gain section where the incoming beam can be amplified to any desired level, 
and a nonlinear loss section that exhibits different transmission properties for low and high 
power beams.  The order in which a propagating beam sees the two sections is crucial to 
achieving non-reciprocity.  In the forward direction, optical amplification from the gain section 
will allow the beam to overcome the losses from the nonlinear loss section.  In the reverse 
direction, the beam will experience significant loss first, so that even after passing through the 
gain section, the power coming out from the input side will be negligible.  In our design, the gain 
section is comprised of an SOA, while the nonlinear loss element is an array of identical 
waveguides.   
 A ridge waveguide is the basic structural element of a waveguide array.  The propagating 
mode of the waveguide is confined in the vertical direction by the epitaxial layer structure of the 
wafer and in the horizontal direction by the presence of the ridge, which introduces a local higher 
effective index contrast.  When two adjacent waveguides are brought into close proximity, 
separated by a distance smaller than the extent of the optical mode profile, a directional coupler 
is formed, and the optical modes of each waveguide can interfere with the other.  In particular, 
the evanescent tails of the modes can overlap, resulting in energy transfer from one waveguide to 
the other [14-19].  As the beam travels along the directional coupler, energy is transferred back 
and forth between the two channels.  The efficiency of the transfer is greatest when the 
propagation constant mismatch of the two channels is zero, that is, when the two waveguides are 
identical.  In a nonlinear directional coupler, a mode excited at high power will lead to a 
nonlinear refractive index change that detunes the waveguide from its neighbor and causes a 
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propagation constant mismatch.  As a result there is no longer energy transfer between the 
waveguides [20].  Nonlinear directional couplers have been studied theoretically [20-26] and 
experimentally [27-30] as all-optical switching devices.   
 When several identical waveguides are placed equidistantly close to each other, a 
waveguide array is formed.  It is the extension of a directional coupler to many channels [31, 32].  
There is continuous energy transfer between adjacent waveguides, and beam that initially excites 
only a single channel will spread in a process known as discrete diffraction.  An important 
characteristic of discrete diffraction, which distinguishes it from diffraction in a continuous 
medium, is that as the wave propagates, most of the power becomes concentrated in two 
intensity side lobes, rather than in the center [33, 34].  When properly designed, it is possible for 
the array to exhibit an output intensity minimum in the excited waveguide, making it an excellent 
candidate for a waveguide array-based optical isolator.  As with nonlinear directional couplers, a 
high power input beam can detune a waveguide from the rest of the array.  As the power is 
increased to a certain critical level, the spreading of the beam decreases significantly.  At even 
higher power levels, almost all the energy remains confined in the excited waveguide [35].  This 
nonlinear property of waveguide arrays is exploited during the ON state operation of the optical 
isolator.   
 It is important to mention that the nature of the nonlinearity in this research is distinct 
from the Kerr nonlinearity [36, 37] which is typical of discrete solitons that have been 
experimentally observed in waveguide arrays [31-32, 35, 38-45].  Since our wavelength of 
operation is near the semiconductor bandgap of the material, the semiconductor nonlinearity [46-
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50] that is present in our case is a band-filling nonlinearity.  As the material is optically pumped, 
the available states at the lowest level of the conduction band start to fill up, and electrons 
wanting to make an interband transition from the valence band to the conduction band now 
require energies greater than the nominal bandgap.  The effective bandgap energy is increased, 
causing a shift in the edge of the absorption band to higher energies.  This is also known as the 
Burstein-Moss effect [51-54].  Through the well-known Kramers-Kronig relationship, this 
change in absorption is related to a local refractive index change [55-63].  It is this resulting 
change in the local refractive index which is responsible for the greater confinement of the beam 
at high powers.  Therefore some absorption of the beam is necessary to generate the nonlinear 
local index change.  Our situation is compounded by the fact that our wafer consists of a single 
quantum well core.  Because of the small overlap integral between the quantum well and the 
beam, the nonlinearity and resulting index change may be smaller than in a bulk semiconductor 
[64].   
 This research proposal is organized as follows.  In Chapter Two, we present a detailed 
design of the device.  Care is taken to ensure that the waveguides are single-moded but still 
capable of mode coupling.  Numerical beam propagation is performed to determine the optimal 
dimensions of the device.  In Chapter Three, we describe the fabrication process of the samples.  
In Chapter Four, we characterize the fabricated samples to determine important parameters such 
as the loss, the modal gain, and the linewidth enhancement factor.  In Chapter Five, we present 
the experimental demonstration of all-optical switching in the passive version of the waveguide 
array-based optical isolator and discuss its switching characteristics.  The experimental results 
are compared to the numerical simulations.  In Chapter Six, we discuss the fabrication and 
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testing of the active versions of the optical isolators, which include the SOAs on the input side of 
the waveguide array.  We compare the results between current switching and all-optical 
switching.  We also present the optimum operating conditions for the device based on the 
obtained results.  Finally, in the conclusion, we discuss our obtained results and relate them to 
the framework of our overall goal.  We also consider areas for improvement and future research.   
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CHAPTER TWO: DEVICE DESIGN AND SIMULATION 
2.1 Design Consideration 
 During the design of the optical isolator arrays, we were motivated by a desire to create a 
device that could be easily integrated with other standard optoelectronic devices on the same 
chip.  With that goal in mind, we adhered to certain design guidelines.  All waveguides should 
propagate only the fundamental mode to avoid any adverse effects that might arise from the 
interaction of multiple modes.  To facilitate the coupling of the beam into the array, we designed 
a center input waveguide that is identical in all aspects to the other waveguides in the array 
except that it is longer and protrudes from the front and back of the array.  By coupling the laser 
beam into this input waveguide, and allowing it to propagate for some distance, it is assumed that 
the fundamental guided mode has properly formed by the time it enters the array and begins to 
couple to the adjacent, identical waveguides.  This ensures that the array is launched via single 
channel excitation.  In our design, the arrays were limited to only 11 channels, with 5 on either 
side of the input waveguide, for space and symmetry concerns.  In order to minimize their 
physical footprint, devices were specifically designed such that the length of the array is around 
1 mm or less.  For optimal operating characteristics, the distribution of intensities at the output of 
the array should exhibit a minimum in the center waveguide at low input powers, so that the 
largest contrast between ON and OFF switching states can be achieved.  Therefore, the strength 
of coupling between the waveguides in the array must be large enough to achieve an intensity 
minimum within 1 mm, but not large enough for the beam to experience reflection from the 
outermost waveguides back towards the center.  Satisfying all these conditions will require a 
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careful balance between the etch depth of the waveguide ridges (e), their width (w), the 
separation between waveguides (s), and the length of the array (L).   
 
Figure 2-1 Design of Waveguide Array with Input Waveguide 
 
 It is preferable to fabricate several devices with a range of different dimensions 
simultaneously on the same sample.  For instance, devices within the same sample can have 
small variations in the waveguide width and the separation between waveguides, which will 
determine the coupling strength between the waveguides of the array.  Furthermore, the length of 
an adjacent array can be shorter or longer by 10 µm.  As the simulations will show, the presence 
of an intensity minimum at the output of the center waveguide is very sensitive to length, and 
having adjacent arrays of varying length will alleviate the strict tolerance requirement during the 
device fabrication and final cleaving.  In addition to variety, we also require repetition.  The 
sample contains several identical copies of devices to allow for the repeatability of experiments.  
After fabrication, the sample will be cleaved into smaller sections, each one containing different 
groups of independently functioning devices.   
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2.2 Wafer Epitaxial Structure 
 All of the devices from this research were fabricated from a custom designed AlGaAs / 
GaAs wafer labeled IEGENS 11-27 that was engineered specifically for laser diode applications 
and was grown by MOCVD at a commercial semiconductor foundry.  A schematic cross-section 
of the wafer’s p-i-n epitaxial structure is shown below in Figure 2-2 Schematic Cross-Section of 
the Wafer's Epitaxial Structure.    
 
Figure 2-2 Schematic Cross-Section of the Wafer's Epitaxial Structure 
 
The wafer’s active region consists of a single GaAs Quantum Well (QW) that is 4 nm 
thick sandwiched between two 5 nm thick Al0.25.Ga0.75As barrier layers.  These layers confine the 
carriers within the active region and ensure that more of the electron-hole pairs can contribute to 
radiative recombination.  However, the very thin active region is too small to effectively confine 
light.  The optical waveguiding confinement in the wafer is formed by two surrounding AlGaAs 
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waveguiding layers each 150 nm wide, where the concentration of Aluminum (Al) is gradually 
increased from Al0.25.Ga0.75As at the interface with the active region to Al0.55Ga0.45As 150 nm 
away.  This structure forms a Graded Index Separate Confinement Heterostructure (GRINSCH) 
configuration [4, 5].  An increasing concentration of Al results in a decrease of the refractive 
index and a simultaneous increase of the semiconductor bandgap.  The graded AlGaAs layers 
therefore serve the double purpose of not only confining the optical beam near the waveguide 
core, where it experiences the most optical gain, but also simultaneously facilitating the 
movement of generated carriers towards the active region to achieve population inversion.  
Above the upper graded index waveguiding layer, the epitaxial structure consists of an 
Al.55Ga.45As upper cladding layer that is 1.2 µm wide.  The top of the wafer is then capped off by 
a 150 nm wide GaAs layer, with a 50 nm wide transition layer between it and the AlGaAs 
cladding layer below.  The bottom cladding layer is of an identical width and composition as its 
upper counterpart.  There is another 50 nm transition layer below, and then the entire epitaxial 
structure rests above a 625 µm thick GaAs substrate.  The 150 nm GaAs cap layer and the 50 nm 
transition layer shown in Figure 2-2 are ignored during our simulations, and the etch depth (e) is 
measured from the top of the upper cladding layer.  However, during fabrication, these two 
layers must be taken into account, and a simulated value of e = 1.0 µm corresponds to a physical 
etch depth of 1.2 µm.   The electroluminescence of this wafer was measured to be around 805 
nm.   
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Figure 2-3 Measured Electroluminescence of the Wafer 
 
2.3 Numerical Simulations 
 Single waveguides formed on the IEGENS 11-27 epitaxial wafer structure were analyzed 
using finite-difference methods (FDM), which involves numerically solving the wave equations 
by using finite-difference approximations for the derivatives of a partial differential equation 
[65].  It transforms Maxwell’s equations into an eigenproblem        to find the propagating 
modes of a structure.  The matrix   is derived from the wave equation operator, the column 
vector   contains the orthogonal eigenmodes of the system, and their associated eigenvalues,   , 
are the square of the propagation constants.   
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Figure 2-4 Calculated Fundamental Mode of a 2.5 µm wide, 1.0 µm deep Waveguide 
 
The fundamental TE mode of a ridge waveguide that is 1.0 µm deep and 2.5 µm wide calculated 
in this manner is shown in Figure 2-4.  It has an effective propagation index of 3.503.  This mode 
is well confined, as most of the beam travels in the area under the waveguide.  However, the tail 
section of the profile does extend beyond the width of the ridge, allowing for the possible 
coupling to an adjacent waveguide if the separation is small enough.   
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Figure 2-5 Calculated Fundamental Mode of a 4.0 µm wide, 1.0 µm deep Waveguide 
 
The fundamental mode for a similar structure with a wider ridge (e = 1 µm and w = 4 
µm), is shown above.  The mode is now elongated to match the increased width, but most of the 
power still remains under the ridge.  The corresponding effective index is 3.3507, which is 
greater than before.   
 
Figure 2-6 Dependence of the Fundamental Mode Index on Ridge Width 
16 
 
Figure 2-6 above shows how the effective index of the fundamental mode increases for 
waveguides with wider ridges.  The change in mode index is small, on the order of 10
-4
.  In 
general, as the waveguide ridge increases, more of the beam becomes trapped underneath, so the 
mode becomes slightly more confined.   
 The confinement of light is much more sensitive to the etch depth e, rather than the width 
w, of the waveguide ridge.  The fundamental TE mode for a waveguide that is 0.7 µm deep and 
2.5 µm wide is shown below.  When compared to the previous structures, a significantly greater 
portion of the beam propagates outside the waveguide, making it less confined.  In an array, such 
a mode will couple easily to adjacent channels, but the modes of the individual waveguides will 
not be clearly determined since much of the beam will also travel in the slab region between 
waveguides.   
 
Figure 2-7 Calculated Fundamental Mode of a 2.5 µm wide, 0.7 µm deep Waveguide 
 
We investigated how the effective propagation index of the fundamental mode varies with etch 
depth.  Beyond a certain depth of 0.9 µm, the effective index decreases significantly and adopts a 
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somewhat linear relationship with respect to etch depth.  For the range of etch depths shown, the 
effective index change is on the order of 10
-3
.  Overall, deeper etched waveguide ridges lead to 
greater mode confinement.   
 
Figure 2-8 Dependence of the Fundamental Mode Index on Etch Depth 
 
 In all the cases shown, the propagating mode is vertically confined to the core region due 
to the varying refractive indices of the different epitaxial layers.  Horizontally, a propagating 
beam experiences a certain effective index in the waveguide region directly below the ridge and 
a smaller effective index in the slab region on either side of the ridge, leading to horizontal 
confinement of the light.  The presence of the ridge can be interpreted as locally increasing the 
effective index experienced by the light in the region underneath, known as index loading.  
When several waveguides are brought in close proximity to each other, the result is a 
complicated two-dimensional refractive index distribution.  Fortunately, this two-dimensional 
optical waveguide structure can be reduced to a series of one-dimensional slab waveguides, by 
first calculating the effective indices in the waveguide region,    , and the slab region,      , 
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and then placing these indices along the horizontal axis and treating the structure as a horizontal 
symmetric slab waveguide where the core index is given by        and the cladding index is 
        .  This is known as the effective index method [14, 36].   
The index difference between the waveguide region and the slab region is an indication 
of the strength of the mode confinement, comparable to the index contrast between the core and 
the cladding in a symmetric slab waveguide.  Structures exhibiting a large index contrast yield 
greater mode confinement.  Figure 2-9 shows the effective refractive index contrast       
      as a function of the etch depth.  We note that there is no significant change in the index 
contrast and thus no real confinement below an etch depth of 0.7 µm.  As the etch depth 
increases, the index contrast grows, and the fundamental mode becomes more confined.   
 
Figure 2-9 Dependence of the Index Contrast on the Etch Depth 
 
However, as the confinement of the fundamental mode increases, the structure starts to allow 
higher order modes to propagate.  If we are not careful, the waveguide can become multi-mode 
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for high values of e.  For a symmetric slab waveguide, the cut-off thickness to guide a given 
mode  is given by 
 
   
  
  √        
 
(2.1)  
where    is the index of the core and    is the index of the cladding.  Using the effective index 
method, the system can be treated as a symmetric slab waveguide along the horizontal axis by 
equating        and         .  We can then calculate the cut-off thickness    of the 1
st
 
higher order mode (   ).  This is done in the figure below.   
 
Figure 2-10 Maximum Ridge Width for Single Mode Waveguiding for a given Etch Depth 
 
Here, the value    represents the minimum ridge width w that is needed to support the 1
st
 higher 
order mode.  By making the actual width of the waveguide ridge slightly smaller than   , we can 
ensure single mode waveguiding with good confinement.  For an etch depth of 1 µm, the cut-off 
width is 2.944 µm.  Making the width well below this value is not practical, since propagating 
modes in thin waveguides are not very well confined.   
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2.4 Beam Propagation Simulations 
Having designed the dimensions of a single waveguide structure, we now consider the 
propagation of a beam in an array of identical, coupled waveguides, and briefly describe our 
method for simulating beam propagation.  We start with the Helmholtz Equation, 
      
      (2.2)  
For intensity-dependent Kerr-like nonlinearities, we can separate the refractive index into linear 
and nonlinear components  
  (   )      (   )    | |
  (2.3)  
where    is the nonlinear coefficient [37].  For the case of beam propagation in an optical 
waveguide, the mode is usually weakly guided, and it becomes convenient to write the linear part 
of the refractive index as  
     (   )       (   ) 
(2.4)  
Here,  (   ) is the two-dimensional refractive index distribution of the waveguide structure 
normalized to unity, and   is the maximum index contrast.  Equation (2.4) is only valid for 
weakly guiding waveguides where    , or   is on the order of 10-3.  Therefore,  
   (   )  (     (   )    | |
 )  (2.5)  
   (   )    
       (   )       | |
  (2.6)  
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where we have ignored the terms that are on the order of  (  ),  (  
 ), and  (   ) because 
their contributions are minimal.  Plugging into the Helmholtz equation, we obtain 
      
   
      
     (   )     
     | |
     (2.7)  
This equation can be simplified by letting  (     )   (     )    , where   is the envelope 
function, and using the slowly varying envelope approximation (SVEA),  |
   
   
|   |
  
  
|.  Then,  
 
 
  
  
 
 
  
  
       (   )      | |
     
(2.8)  
This is the Nonlinear Schrodinger Equation (NLSE) for weakly guiding structures.  As described 
above, the effective index method can be used to reduce this two-dimensional problem into a 
one-dimensional problem along   by calculating the effective index in the waveguide region, 
   , and the slab region,      , and letting            .  As shown in Figure 2-9, for etch 
depths up to e = 1.05 µm, the index contrast is small enough to satisfy the weakly guiding 
condition.  Equation (2.8) becomes  
 
 
  
  
 
 
  
   
   
     ( )      | |
     
(2.9)  
 ( ) is the one-dimensional analogue to the refractive index distribution  (   ), and it equals 
unity when there is a waveguide ridge and zero otherwise.  We normalize the equation as follows 
                
 
  
 (2.10)  
                 
 
  √    
 (2.11)  
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 (   )  √
 
  
 (   ) 
(2.12)  
to arrive at  
 
 
  
  
 
   
   
  (   )  | |
     
(2.13)  
This is the normalized NLSE and can be solved numerically using the well-known Split-Step 
Fourier Transform method [65].  The idea behind the Split Step method is to find approximate 
solutions to the NLSE by assuming that the linear diffraction and the nonlinear effects act 
separately.  In particular, we split the propagation of the field in two steps, one for the linear 
diffraction only, and the other for the nonlinear propagation.  For a small step   , the solution is 
fairly accurate.  The NLSE is transformed into  
   
  
 ( ̂   ̂)  
(2.14)  
where  ̂   
  
   
 and  ̂   ( ( )  | | ) are the linear and nonlinear operator matrices, 
respectively.  Equation (2.14) can be solved for a very small step     
  (    )   ( ̂  ̂)   (   ) (2.15)  
  (    )      ̂    ̂ (   ) (2.16)  
The solution can be made more accurate by applying the operator matrices symmetrically.  This 
is done by splitting the linear propagation into two half steps and applying the nonlinear 
propagation in between  
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 (    )   
  
  ̂    ̂ 
  
  ̂ (   ) 
(2.17)  
The nonlinear operator matrix  ̂   ( ( )  | | ) is just a scalar multiplication of the field and 
can be done in the time domain.  The linear operator matrix  ̂   
  
   
 is more complicated.  
However, if we take its Fourier transform and work in the frequency domain, the linear operator 
also reduces to multiplying by an exponential scalar.  That is,  
  { 
  
  ̂ (   )}   { (   )}    
   
  
(2.18)  
For a single step of the Split Step method, it is therefore necessary to Fourier Transform (FT) the 
input field and apply the linear operator matrix for a half step in the frequency domain, then 
return to the time domain via the inverse FT and apply the nonlinear operator matrix, before 
finally retaking the FT and inverse FT for the final linear propagation half step.  This process is 
repeated until the total number steps cover the desired propagation length.   
 The Split-Step Fourier Transform method was used to simulate beam propagation in 
several arrays with different combinations of the waveguide widths and separation (w, s).  The 
etch depth has been fixed at e = 1.0 µm.  All the arrays consist of 11 identical, coupled 
waveguides, and the analytically calculated beam profile for a single waveguide was used as the 
input for the center waveguide to simulate single-channel excitation.  The propagation distance 
of 1.5 mm is the same for all cases.   
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Figure 2-11 Simulated Beam Propagation and Output Intensity Distributions for Different Array Designs 
25 
 
Figure 2-11 shows the linear beam propagation and output intensity distribution for (w = 2.0 µm, 
s = 2.0 µm), (w = 2.5 µm, s = 2.0 µm), and (w = 3.0 µm, s = 1.5 µm), respectively.  As the beam 
propagates, it continually couples to adjacent waveguides, leading to a spreading of the beam, 
known as discrete diffraction.  Most of the power becomes concentrated in the two intensity side 
lobes, rather than in the center, where the input beam was launched.  The prominence of the side 
lobes becomes clearer as the propagation distance is increased.  The intensity distribution at the 
output for the first array extends to the outermost waveguides.  If we increase its ridge width 
from 2.0 µm to 2.5 µm, we confine the waveguide mode further and thereby decrease the 
coupling between adjacent channels.  The resulting output intensity distribution is therefore 
narrower.  The strength of the coupling can also be changed by altering the separation distance 
between waveguides.  Bringing the waveguides closer together increases the coupling, which is 
the opposite effect of an increase in ridge width.   
 Recall that we are interested in obtaining output distributions that have an intensity 
minimum in the excited center waveguide.  Figure 2-12 plots the power in the input waveguide 
as a function of distance for the three array designs discussed above.  The power in the input 
waveguide initially falls as the beam couples away.  However, at some point, power from the 
adjacent waveguides begins to couple back into the center waveguide, resulting in a trough or 
local minimum as shown in the figure below.  The process repeats itself, and further troughs can 
be found at greater propagation distances.   
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Figure 2-12 Intensity Remaining in the Center Input Waveguide 
 
If the length of the array is cleaved at the exact location of the first trough, then the output 
intensity distribution will exhibit a minimum in the center waveguide.  Figure 2-13 shows beam 
propagation in the same three array structures cleaved to their corresponding trough locations.  It 
is important to note that arrays with stronger coupling show their first trough at shorter distances.   
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Figure 2-13 Simulated Beam Propagation when the Devices are Cleaved to the Location of the 1st Trough 
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The etch depth (e) of the waveguide ridges also affects the coupling strength between elements 
of the array.  Figure 2-14 shows the relative power remaining in the input waveguide with 
distance for arrays of varying etch depths.  The width and separation are both fixed at 2.0 µm.  
As the etch depth increases, the coupling between channels decreases.  The location of the first 
trough gets pushed to greater distances, thereby making the array longer.  However, the relative 
value of the intensity minimum of the center waveguide at that distance decreases, leading to a 
greater contrast ratio between the ON and OFF switching states of the device.  Therefore, there is 
a tradeoff between wanting to design a short device and wanting to obtain a true minimum at the 
output of the center waveguide.  
  
Figure 2-14 Normalized Intensity Remaining in the Center Input Waveguide for various Etch Depths 
 
29 
 
 
Figure 2-15 Location of the 1st Trough in the Center Waveguide as a function of Wavelength 
 
 Figure 2-15 shows how the location of the trough varies with wavelength.  If after 
fabrication and cleaving, the device still does not exhibit an output intensity minimum in the 
center waveguide, the wavelength can be tuned to adjust the location of the first trough.   
 Having so far only examined the linear propagation of light in a waveguide array, we 
now consider the nonlinear propagation dynamics of the array.  We again focus on the case of 
single channel excitation.  Figure 2-16 shows the simulated beam propagation for four different 
power regimes in an array where the waveguide  ridges are 2.5 µm wide, 1.0 µm deep and 2.0 
µm apart from its neighbor.   
30 
 
 
 
Figure 2-16 Simulated Beam Propagation as the Input Peak Power varies from Pc/10 (top left), to Pc/2 (top right), to Pc 
(bottom left), to 2Pc (bottom right)   
 
At very low input peak powers, the linear diffraction pattern is observed.  As the power is 
increased, the induced nonlinearities break the waveguide index symmetry of the array, causing a 
decrease in the coupling strength and a narrower output distribution.  When the power reaches a 
critical threshold level   , the power escape rate from the center waveguide decreases 
significantly.  Finally, at power levels beyond   , the nonlinear index change in the center 
waveguide becomes strong enough to confine most of the beam in a single waveguide.  The 
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output intensity distributions and the evolutions of the power remaining in the input waveguide 
for the different regimes are shown below in Figure 2-17 and Figure 2-18, respectively.   
 
Figure 2-17 Output Intensity Distribution for Various Input Peak Power Levels 
 
 
Figure 2-18 Intensity Remaining in the Center Input Waveguide for Various Input Peak Power Levels 
 
These simulations show that a nonlinear waveguide array would indeed be an excellent candidate 
for a nonlinear loss element in our optical isolator device.    
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CHAPTER THREE: DEVICE FABRICATION 
The Optical Isolator devices were fabricated as follows.  A 1 cm by 1.8 cm sample was 
cleaved from the IEGENS 11-27 active wafer.  It was prepared for fabrication by undergoing a 
series of boiling baths in acetone (120
o
C / 5 min), methanol (120
o
C / 5 min) and isopropanol 
(150
o
C / 5 min) to remove any debris and organic residue.  The sample was then soaked in 
Hydrochloric acid for 3 minutes to remove native oxides that may have formed on the surface.  It 
was rinsed thoroughly with deionized water and then baked at 150
o
C for 5 min to remove any 
moisture.   
 The cleanroom is equipped with a PlasmaTherm 790 Series PECVD (Plasma Enhanced 
Chemical Vapor Deposition) system and adjacent RIE (Reactive Ion Etching) reactor, allowing 
for a wide range of deposition and etching applications.  The PECVD and RIE chambers were 
used to deposit and then selectively etch a series of SiO2 films on test samples to properly 
calibrate the deposition and etching rates, summarized below in Table 3-1 and Table 3-2.   
Table 3-1 Silicon Dioxide Deposition Process 
SiO2 Deposition Recipe 
Pressure 1050 mT 
SH4 Flow Rate 200 sccm 
NO2 Flow Rate 413 sccm 
RF Power 25 W 
Temperature 250
o
C 
Deposition Rate 57 nm/min 
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Table 3-2 Silicon Dioxide Etching Process 
SiO2 Etching Recipe 
Pressure 75 mT 
CF4 Flow Rate 45 sccm 
RF Power 175 W 
Etching Rate 25 nm/min 
 
Armed with this knowledge, the IEGENS 11-27 active sample was placed in the PECVD for 7 
minutes to grow a 400 nm SiO2 film.  The film acts as an intermediate layer between the 
semiconductor wafer and the metal film that will be used as a mask to etch the ridge waveguides.  
The presence of the SiO2 film allows for the easy removal of the metal mask after etching is 
complete.  This can be done by stripping the SiO2 film, which will remove the metal mask along 
with it.   
 The patterning to define the position and dimensions of the waveguides and arrays is 
done via photolithography.  The sample is first coated with a negative Futurrex NR9-1000PY 
photoresist using a Specialty Coating Systems P-6000 spin coater.  The NR9-1000PY photoresist 
was chosen because of the formation of an undercut during resist development.  Such an 
undercut implies that the resist sidewall has a negative profile which prevents it from being 
coated and makes it ideal for lift-off applications.  Spun at 4000 rpm for 40 seconds, the resist 
film is approximately 1 µm thick.  The edge bead that appears during spin coating is removed by 
gently wiping with folded lens cleaning paper, an essential step to ensuring good contact during 
photolithography.  The waveguide features are patterned with a Karl Suss MJB-3 Mask Aligner.  
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This is a contact lithography machine which exposes the sample with a mercury (Hg) lamp 
capable of providing up to 400 W of uniform UV light.  The exposure optics coincide with Hg’s 
spectral line at 365 nm (“i-line”), yielding a minimum exposure resolution of about 2 µm.  After 
exposure, the resist is developed with Futurrex RD-6 developer.  The specifics of the 
photolithography process are provided below 
Table 3-3 Photolithography Process for the Formation of Waveguide Arrays 
Photolithography Process 
Spin resist NR9-1000PY 4000 rpm / 40 sec 
Soft-Bake 150
o
C / 60 sec 
UV Exposure 12 mW/cm
2
 / 6 sec 
Hard-Bake 100
o
C / 60 sec 
Develop RD-6 10 sec 
 
 The sample is now ready for metallization in the Edwards FL 400 Thermal Evaporator.  
The metal film acts as the masking layer to transfer the patterns on the photoresist onto the 
semiconductor wafer.  It blocks the etching plasma in the areas where we do not want the 
semiconductor to be etched.  Therefore a suitable metal mask must be chosen that is capable of 
surviving the etching process.  It must be thick enough to withstand the long etching times 
required to form waveguide ridges of the desired height (~ 1.2 µm).  It must also have a low 
reactivity to the chemical agents present in the plasma to prevent the metal film from etching 
faster than the semiconductor.  Chromium was chosen because under the waveguide etching 
process, it has a very slow sputtering rate of about 1 nm/min.  However, it was discovered that if 
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the chromium film is made too thick, it becomes highly stressed and negatively affects the 
adherence of the SiO2 film to the GaAs surface.  Therefore, a combination of chromium and 
nickel was investigated.  Nickel also has good selectivity with respect to the GaAs during the 
etching process, but it is significantly more ductile than chromium so it does not lead to the 
formation of highly stressed metal films.  In the end, a metal film consisting of 5 nm of 
chromium followed by 270 nm of nickel was blanket-evaporated all over the sample, covering 
both the photoresist and areas in which the photoresist has been cleared.  Afterwards, the sample 
is immersed in acetone for several hours to lift off the metal film.  The photoresist under the 
metal is removed, taking the film with it, and leaving behind only the metal film which was 
deposited directly on top of the SiO2 film.  The SiO2 film in these areas is removed via the 
etching process outlined in Table 3-2 and the sample is now ready to begin forming the 
waveguides.   
 Standard ion-assisted chemical etching techniques for AlGaAs and GaAs semiconductors 
are not possible in the PlasmaTherm 790 series RIE due to the limitation of the gases available.  
Instead, an alternative technique was developed to form the waveguides through physical 
sputtering of the AlGaAs / GaAs wafer using high energy CF4-based plasma.  The recipe is 
similar to the one used to etch SiO2, and in fact, was discovered when over-etching of an SiO2 
film in the RIE led to the pattern transferring onto the GaAs wafer underneath.  The process was 
modified to enhance the physical sputtering effect by reducing the residual pressure and 
increasing the RF power.  A small amount of oxygen and nitrogen were added to the mixture to 
minimize the possibility of polymer formation.  The final AlGaAs / GaAs sputtering recipe used 
for waveguide formation is given in Table 3-4.  It yields a GaAs sputtering rate of about 8 
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nm/min, which is very good considering that the sputtering rate of the metal mask detailed above 
under the same process is approximately 1.48 nm/min.  The sample was etched for a total of 125 
minutes, resulting in waveguides with a ridge height of approximately 1.3 µm. 
Table 3-4 Plasma Sputtering Process for the Formation of Waveguide Arrays 
GaAs Sputtering Recipe 
Pressure 20 mT 
CF4 Flow Rate 18 sccm 
N2 Flow Rate 3 sccm 
O2 Flow Rate 2 sccm 
RF Power 225 W 
GaAs/AlGaAs Sputter Rate 8 nm/min 
 
 After the waveguides have been formed and etching process is complete, the sample is 
immersed in a Buffered Oxide Etch (BOE) solution, which strips away the remaining SiO2 film 
and lifts off the metal mask along with it.  A schematic summary of the fabrication process is 
shown below.   
Fabrication of Optical Isolator Device 
 
Wafer is cleaved and then cleaned 
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A 400 nm layer of SiO2 is 
deposited via PECVD 
 
Negative Resist is spun and then 
patterned to mark the location of 
the waveguide ridges 
 
A metal film consisting of Ni and 
Cr is evaporated onto the top of 
the wafer 
 
After lift-off, the remaining metal 
film acts as a mask 
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The SiO2 film is etched first and 
then the waveguide ridges are 
defined through sputtering of the 
AlGaAs cladding layer 
 
The metal mask can be removed 
by immersing the sample in BOE 
solution, which strips away the 
SiO2 film 
Figure 3-1 Summary of the Device Fabrication Process 
 
 Figure 3-2 below shows an image of the final active sample as seen through a 100X 
microscope objective.  The metal film still remains in the areas that define the waveguides and 
can be distinguished by their increased reflectivity.  In some samples, the metal mask was not 
removed from the sample to allow the possibility for further etching, even after the sample has 
been cleaved.  In this manner, we could continually fine tune the height of the waveguide ridges 
if this was determined to be advantageous during experimental testing.  As mentioned in the 
design, the arrays have a center input waveguide that protrudes from the front of the array.  A 
single, uncoupled waveguide that can be used to measure losses and absorption separates 
adjacent arrays.  The length of the arrays is varied to allow flexibility in the fabrication and 
cleaving processes.  The reticule reveals that these particular arrays consist of 2.5 µm wide 
waveguides with edge-to-edge separation of 2 µm.   
39 
 
 
Figure 3-2 Fabricated Waveguide Arrays as Viewed Under 100X Microscope 
 
  
10 µm 
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CHAPTER FOUR: SAMPLE CHARACTERIZATION 
4.1 Measurements of the Loss and Internal Quantum Efficiency 
 Optical loss is an important parameter in any semiconductor device.  It has a number of 
different contributions, including free carrier absorption [66-68] and scattering losses due to 
waveguide imperfections.  To investigate the losses [69-73] of the waveguides due to scattering 
from imperfections, we performed a light-current experiment on a sample consisting of laser 
diodes.  These are individual waveguides with metal contacts, separated far enough from each 
other so that the coupling between adjacent waveguides would be practically nonexistent.  
Current can be supplied through the gold contacts using a probe tip connected to a current 
source.  The contact pads run the entire length of the waveguides but are much wider in width to 
allow for easy positioning of the probe tip.  The slab region in between waveguides was filled 
with a cured BCB (cyclotene) insulating polymer to ensure that all current flows directly down 
through the waveguide.   
 
Figure 4-1 Experimental Set-Up for Light-Current Experiment 
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 The light-current experiment consists of applying current to the waveguide device and 
measuring the generated output power.  The experimental setup is shown above in Figure 4-1.  
The beam from the Titanium:Sapphire laser is first passed through an acousto-optic modulator 
(AOM), which is used to modulate the intensity of the laser beam.  It then goes through a spatial 
filter, where a 10 µm pinhole aperture was chosen to block out the higher spatial frequencies of 
the beam that are usually attributed to noise or aberrations in the beam.  The beam is then 
focused onto a waveguide device via a 40X microscope objective.  A 20X microscope objective 
on the other side of the device collects the beam from the output facet of the sample and images 
it onto the CCD camera.  A 50:50 beam splitter on the output leg diverts part of the beam onto a 
Thor Labs PDA36A silicon photodetector, which is connected to a Stanford Research SR245 
computer interface module.  The SR245 is a GPIB-programmable data acquisition tool which 
provides an interface between the experiment and the computer, allowing the voltage values read 
by the photodetector to be quickly stored onto a computer.  The photodetector was properly 
calibrated with a Newport 1916-C power meter to convert measured voltage values into units of 
power.  During calibration, we acknowledged the fact that output radiation exits from both facets 
of the sample, and that the light collected from one facet is only half the total radiation generated 
by the injection of carriers.   
 The laser beam from the Titanium:Sapphire beam was used only to ensure that the 
microscope objectives were properly focused.  During the experiment, which consists of 
measuring only current-generated light, the laser beam is blocked off.  Current is injected into 
the sample using a Keithley 224 programmable current source.  The positive lead of the current 
source is connected to a probe tip which is carefully brought into contact with the contact pads 
42 
 
on the top side of the sample.  The bottom of the sample is mounted onto a thin copper plate with 
silver conductive epoxy.  A wire connected to the negative lead of the current source is soldered 
onto this copper plate to complete the electric circuit.   
 A Labview VI was written to control both the Keithley 224 current source and the SR245 
computer interface simultaneously.  It instructs the Keithley to apply a user-set range of current 
levels to the sample.  At each step, the current level will be held for three seconds, during which 
time the Labview VI reads the voltage value from the SR245 interface channel several times and 
chooses the statistical mode.  The current levels and their corresponding values are stored in a 
file.  Figure 4-2 shows the calibrated results for a waveguide device that is 540 µm long.  When 
current is applied, the device exhibits a light-current behavior similar to the current-voltage 
characteristic of a diode operated in forward bias.   
 
Figure 4-2 Light-Current Characteristic Curve for a 540 µm long device 
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At low currents, when the current is below threshold, only a small amount of light is visible at 
the output.  In this regime, the device operates like a Light Emitting Diode (LED).  The 
conversion efficiency from injected carriers into radiative recombination is low and only a small 
number of photons are generated.  Those that are produced will travel in all directions, with only 
a fraction emitted through the input and output facets.  Light generated at these current levels 
consists mostly of Amplified Spontaneous Emission (ASE).  The generated photons are 
predominantly incoherent with one another and the concomitant spectral bandwidth is broad.   
 At a certain current threshold level, the number of injected carriers is just enough to 
overcome the total losses of the device, which can include scattering as well as waveguide and 
mirror losses.  Therefore, any additional carrier injection above threshold will go directly into 
generating photons, and we notice a sudden and sharp rise in the output power.  In this regime, 
stimulated emission dominates over spontaneous emission.  Only those modes that experience 
gain capable of overcoming the losses will be amplified, until eventually, a single longitudinal 
mode, with a frequency closest to the peak of the gain curve, will dominate and lase.  All excess 
carriers above threshold go into producing stimulated laser emission.  The resulting beam is both 
unidirectional and coherent.   
 In the light-current characteristic curve, the threshold current is marked by the drastic 
change in the slope of the curve.  The threshold current can be extrapolated by fitting the data 
points corresponding to the sharp slope into a straight curve and tracing where this curve crosses 
the zero axis.  In the case of Figure 4-2, the threshold current was measured to be 16.1 mA.  The 
cross-sectional area for carrier injection is simply the area at the top of the waveguide ridge, 
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which is 4 µm wide and 540 µm long.  Therefore, the threshold current density, defined as the 
threshold current per cross-sectional area, is 0.75 kA/cm
2
.  The results from other devices in the 
same sample were very consistent.  The measured threshold current level ranged between 16.1 
mA to 16.4 mA, resulting in threshold current densities between 0.75 kA/cm
2
 and 0.76 kA/cm
2
, 
respectively.  
 The slope of the light power – current characteristic curve above threshold can be related 
to the differential quantum efficiency,   , of the device.  The differential quantum efficiency is 
defined as  
    
                                
                                                 
 (4.1)  
If      is the total output power,   is the cross-sectional area, and   and     are the current 
density and threshold current density, respectively, then the differential quantum efficiency can 
be expressed as  
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(4.2)  
The total output power is the net power generated after losses,                , and using 
      
   and        
   , we have  
          {
     
   
} (4.3)  
where the gain coefficient   in the active region has been clamped at    .  The gain never goes 
above its threshold level, because during stimulated emission, any additional injection of current 
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above threshold goes directly into generating the laser output.  At threshold, the gain exactly 
equals the total losses in the device, which is the sum of scattering losses contained within the 
loss coefficient   and the mirror losses due to the beam leaving the cavity.  Therefore,  
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} (4.4)  
The rate of photon generated can be expressed as       (     )
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       (     )
  
 
    {
  (
 
    
)
      (
 
    
)
} (4.5)  
Substituting this expression for      into the expression for   , we have 
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} (4.6)  
This can be interpreted as the slope efficiency of the stimulated emission region of the curve and 
can be extrapolated by curve fitting.  The internal quantum efficiency,     , and the mirror 
reflectivities,    and   , depend on the epitaxial wafer structure and can be assumed to be 
identical for all devices fabricated from the same wafer.  The same can be said for the loss 
coefficient,  , if the devices have the same design and structure.  The differential quantum 
efficiency, however, will vary with the length of the device.  If we solve for      above, and 
recall that this value remains constant for two devices varying in length but otherwise equivalent, 
we have  
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where      and      are extrapolated curve slopes above threshold for devices of lengths    and 
  , respectively.  We can now solve for the loss coefficient,   
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With this goal in mind, we cleaved longer devices from the same fabricated sample and 
performed the same light-current experiment.  Figure 4-3 below shows the light – current 
characteristic curve for a device that is 1060 µm long.  In comparison to the 540 µm long device, 
the increased length of this device results in a larger threshold current.   
 
Figure 4-3 Light-Current Characteristic Curve for a 1060 µm long device 
 
The measured threshold current for this device was 23.9 mA, corresponding to a threshold 
current density of 0.56 kA/cm
2
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threshold, and using the extrapolated values in the expressions for internal quantum efficiency 
and the loss coefficient, we arrive at  
          (4.9)  
                         (4.10)  
This value of   only accounts for losses due to scattering and waveguide imperfections.  It does 
not account for absorption of light.   
The loss due to absorption can be investigated by propagating the beam through a single, 
uncoupled waveguide and comparing the input and output power levels.  The power at the output 
of a waveguide of length   is 
      (   )
     
       (4.11)  
where      is the total loss coefficient and   is the reflectivity at each facet.  We can solve 
Equation (4.11) for     , 
      
 
 
  [
    
(   )    
] (4.12)  
Recall that the total loss can be classified into loss due to absorption      and that due to 
scattering and waveguide imperfections    , that is,              .  At long wavelengths, 
when the energy of the photon falls below the bandgap energy of the material, we can assume 
that absorption will be minimal, and that most of the losses will be due to scattering and 
waveguide imperfections.  For   = 830 nm, we measured the input and output powers,       and  
      , which are related via 
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 (4.13)  
When the laser is tuned to a sufficiently shorter wavelength, the energy of the photon will exceed 
the bandgap energy, and the total losses will be a combination of waveguide losses and 
absorption.  For   = 806 nm, we measured the power at the output of the waveguide,       , 
while ensuring that the input power was the same as the case for the longer wavelength, that is 
            .  By plugging Equation (4.13) into (4.12), we get 
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and recalling that              ,  
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] (4.15)  
So long as the input power is fixed at a constant level, the loss due to absorption can be found 
through the ratio of the powers measured at short and long wavelengths.  For the wavelength of 
interest,   = 806 nm, the loss due to absorption in a single waveguide was measured to be 
            
  .  By tuning the wavelength of the laser and repeating the measurements, we 
can obtain losses for an entire range of wavelengths.   
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Figure 4-4 Absorption Loss for TE polarization as a function of Wavelength 
 
4.2 Measurements of the Optical Modal Gain and Differential Gain 
 Another important parameter in quantum well structures is the optical gain [74-77].  In 
this section we discuss the measurement of the optical gain spectrum for different current levels 
based on an analysis of the ASE spectra [78-85].  Specifically, we analyze the depth of 
modulation of the Fabry Perot resonance peaks in the spectrum for a given current level.  For a 
Fabry Perot etalon, the transmitted intensity is given by  
     
(   ) 
           
   
(   ) 
(   )        
 
 
 (4.16)  
where the phase difference between succeeding reflections is given by  
   
  
 
        (4.17)  
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  is the length of the etalon and   is the angle the light travels through the etalon.  For the case of 
a laser diode,   becomes the length of the device and   = 0.  If we assume no loss,   is simply 
the geometric mean of the mirror reflectivities,    and   , at each facet,   √    .  It is clear 
to see that the transmitted intensity is an oscillating function with respect to the wavelength  , 
and the maximum intensity is achieved when the optical path length travelled is an integer 
multiple of the wavelength.  The maximum and minimum intensities are  
         (4.18)  
        
(   ) 
(   )    
 (4.19)  
We can define the depth of modulation or peak-to-valley ratio as  
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 (4.20)  
Solving for R, we obtain 
   
√   
√   
 (4.21)  
For the case of a perfect Fabry Perot laser with no gain or absorption,   √    , and the 
mirror reflectivity at each facet is the only phenomenon that introduces any loss in the system.  
In a physical device, however, loss is present, and the total loss      consists of mirror losses and 
internal losses, usually attributed to free carrier absorption and scattering from waveguide 
imperfections 
                   (4.22)  
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If, in addition, gain is introduced into the system, then R must be defined as  
         
 (      )  (4.23)  
for Equation (4.16) to still be valid, where we have introduced   as the optical modal gain.  
Solving for the net gain,       , 
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  (4.25)  
Here we have substituted the expression for R from Equation (4.21).  The left hand side is the net 
modal gain, and it is the unknown quantity that we are trying to measure.  The first term on the 
right hand side can be accurately estimated since it only depends on the mirror reflectivities of 
the facets and the length of the device.  The second term on the right can be calculated from the 
experimental results by measuring the depth of modulation  .  In practice, rather than use a strict 
peak-to-valley ratio, we defined V as the average of consecutive peaks divided by the valley  
   
 
 (           )
    
 (4.26)  
 The setup for this experiment is simple.  We used the Keithley 224 current source to 
inject carriers into the device.  On one end of the sample, a 20X microscope objective is used to 
image the output onto a CCD camera.  On the opposite facet, a lens fiber is used to collect from 
the device and feed it directly into an optical spectrum analyzer (OSA), where the ASE spectra at 
different current levels were analyzed to measure the depth of modulation of the fringes over an 
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entire range of wavelengths.  The tip of the lens fiber is on the same order as the width of the 
laser diode ridge, which allowed for easy position of the lens fiber.   
 
Figure 4-5 Experimental Set-Up for Measurements of Optical Gain 
 
The horizontal and vertical alignment of lens fiber was optimized to maximize light capture from 
the laser diode.  However, care was taken to not position the tip of the lens fiber too close to the 
facet of the sample, for danger of creating secondary Fabry Perot resonances between the glass 
fiber and the sample facet that could lead to some modulation on top of the longitudinal Fabry 
Perot modes of the device.  The exact distance of the lens fiber was optimized by monitoring the 
spectrum on the OSA and attempting to minimize the secondary fluctuations while maintaining 
significant power capture.   
 Figure 4-6 shows the measured gain curves at different current levels for a laser diode 
device that was 4 µm wide and 630 µm long.  At 13 mA (red curve), the injected carriers are 
barely enough to overcome the internal losses of the system.  As the current level is increased 
and there is a greater number of extra carriers, the ASE spectrum broadens considerably.  The 
peak of the gain curve increases, but it also shifts towards shorter wavelength.  At 15 mA (blue 
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curve), the peak of the gain curve is located around 807 nm.  At 16 mA and greater, the device 
starts to lase and the spectrum exhibits signs of both spontaneous and stimulated emission.   
 
Figure 4-6 Measured Modal Gain Curves at Different Current Levels 
 
For a given wavelength  , we plot the measured net gain from Equation (4.25) as a 
function of current.  The data was fit to a linear curve.   
 
Figure 4-7 Curve Fit of Net Modal Gain vs Current at 815.18 nm 
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The slope of the curve can be interpreted as a measure of the gain per unit current for that 
particular wavelength, related to the differential gain 
  
  
 (Figure 4-7).  In addition, the 
intersection of this curve with the y-axis, where the current and, consequently, the gain are both 
zero, will indicate the total internal losses     , which includes both absorption and scattering 
losses due to imperfections in the waveguide.  By doing such a curve fit for a range of 
wavelengths, we can calculate the differential gain curve (Figure 4-8) and the modal loss (Figure 
4-9) 
 
Figure 4-8 Measured Differential Gain 
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.  
Figure 4-9 Measured Modal Loss 
 
4.3 Measurements of the Linewidth Enhancement Factor 
The linewidth enhancement factor is a critical parameter for characterizing laser diodes 
[4, 15, 86-90].  It determines both the static linewidth of the semiconductor laser and the 
instantaneous wavelength change under direct modulation, also known as the wavelength chirp.  
When current is supplied to a laser diode, the injected carriers lead to chance in refractive index 
in the active layer.  At the same time, there is a small shift in the Fabry Perot longitudinal modes, 
since the location and spacing of these modes are dependent on the refractive index.  The 
linewidth enhancement factor is a way to relate these two simultaneous phenomena.  It is defined 
as the ratio of small variations of the real and imaginary parts of the refractive index due to a 
change in carrier concentration N, 
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 (4.27)  
The linewidth enhancement factor can be measured from the ASE spectra using a technique 
similar to the one used to measure the optical gain [91-96].  The differential gain 
  
  
 is already 
known from the previous method.  The change in refractive index due to carrier concentration 
cannot be measured directly.  However, we can relate the change in refractive index to a shift in 
the lasing wavelength, which is determined experimentally, via the relationship  
 
  
  
 
 
 
 
   
 
 
  
  
 (4.28)  
where     is the group index and   is the confinement factor.  If we recall that the longitudinal 
mode spacing in a cavity is given by    
  
     
, then  
 
  
  
 
 
 
 
 
    
 
  
  
 (4.29)  
Substituting back into the expression for the linewidth enhancement factor, we get  
     
  
    
 
  
  
  (4.30)  
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(4.31)  
By recording the ASE spectrum at different current levels and measuring the corresponding 
change in gain and the wavelength shift of the Fabry Perot peaks, we can determine the linewidth 
enhancement factor.   
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Figure 4-10 Measured Linewidth Enhancement Factor 
 
  
798 800 802 804 806 808 810 812 814 816
1
2
3
4
5
6
7
8
sample 3A 0.63 wg2 Linewidth Enhancement Factor
Wavelength (nm)
a
lp
h
a
 (
u
n
it
le
s
s
)
58 
 
CHAPTER FIVE: ALL-OPTICAL ISOLATOR SWITCH 
In this chapter, we describe the experimental demonstration of all-optical switching in a 
waveguide array isolator.  Here, switching is achieved by only varying the input power of the 
beam, and we focus on examining the transmission properties of the waveguide array under 
different input power levels.  The experimental setup is shown below.   
5.1 Experimental Set-Up 
 
Figure 5-1 Experimental Set-Up for All-Optical Switching Experiment 
 
The Spectra Physics Millenia V is a frequency-doubled solid-state laser nominally 
capable of providing 5W of 532 nm output necessary to optically pump a Titanium:Sapphire 
laser.  The Millenia V uses the output from a pair of laser diode bars to end pump the Nd:YVO4 
(Nd
3+
 ions doped in a yttrium vanadate crystalline matrix) gain medium.  The laser diodes are 
temperature-tuned to create a near-perfect spectral overlap between the diode laser output and a 
strong Nd
3+
 absorption peak.  The resulting 1064 nm beam is frequency doubled to the green 532 
nm wavelength via second harmonic generation (SHG) in a temperature controlled lithium 
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triborate (LBO) crystal.  The CW output is used to optically pump a Coherent Mira 900 
Ti:Sapphire laser.  The generation of short, mode-locked pulses in the Mira 900 is achieved 
through the Kerr Lens Modelocking (KLM) technique, which takes advantage of self-focusing in 
the Ti:Sapphire crystal.  The self-phase modulation is balanced with group velocity dispersion 
(GVD) compensation in a double-pass, two prism sequence.  The Mira 900 is configured to 
provide mode-locked femtosecond pulses between 790 nm and 850 nm.   
The output from the Titanium:Sapphire laser is passed through an acousto-optic 
modulator (AOM), which diffracts the incoming light via an acoustic grating produced by a 
piezoelectric transducer.  The diffracted beam emerges at specified angles that depend on the 
wavelength of the light and the order of diffraction, and the amount of light diffracted depends 
on the intensity of the acoustic wave.  By using the first diffracted order as the signal beam for 
the experiment, the AOM provides an easy way of controlling the intensity of the light going to 
the sample.  In addition, a pulse generator is used to modulate the RF carrier that drives the 
AOM with a specific pulse train, which causes the AOM to form an envelope of pulses of light 
from the incoming beam with a matching frequency and duty cycle.  In our experiments, the 
envelope repetition time was arbitrarily fixed at T = 500 µs.  The peak power of the beam within 
each envelope can be controlled by the amplitude of the voltage used to drive the AOM.  
Therefore, it is possible to maintain a constant average power, even as the peak power is varied, 
by simultaneously altering the envelope width.  An increase in peak power requires a 
corresponding decrease in the envelope width.  In our experiments, the envelope period was not 
changed.  In this manner, the peak power of the beam, which is responsible for nonlinear effects, 
can be changed while the total average power, which accounts for what is actually captured by 
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the CCD camera, remains constant during both linear and nonlinear regimes of the experiment.  
Therefore, any changes in the output power distribution as seen by the CCD camera are due 
strictly to nonlinear effects resulting from a change in the peak power of the beam.  The peak 
power of the envelope can be found from the measured average power through the relation  
           
 
 
 (5.1)  
where      is the average TE power,   is the envelope width, and   is the period of the envelope 
train, which is fixed at 500 µs. 
In our experiment, the 0
th
 diffracted order of the AOM gets coupled into an Ando 6315 
Optical Spectrum Analyzer (OSA) to monitor the wavelength of the incoming laser light.  The 1
st
 
diffracted order of the AOM, which can be varied between 10% and 80% of the input light 
intensity, is used as the signal beam.  The output from the Ti:Sapphire laser, which is normally 
TE-polarized passes through a half-wave plate and a polarizing filter that is aligned to allow 
maximum transmission for the Transverse Electric (TE) polarization.  The half-waveplate and 
polarizing filter arrangement allows for continuously adjustable optical signal power.  In the 
cases when we want to conduct experiments using TM polarization, the polarizing filter is 
rotated through 90
o
 and the half-wave plate axis can be easily rotated by up to 45
o
, to maximize 
the TM optical signal intensity.  
Immediately before the input microscope objective, a non-polarizing beam splitter diverts 
a small part of the beam onto a Thor Labs PDA36A silicon photodetector used to monitor the 
input power of the experiment.  Both the beam splitter and the photodetector were calibrated 
with a Newport 1916-C power meter to give a measured value of the total power launched into 
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the device.  During the calibration procedure, we also took into account the coupling losses of 
the microscope objective and the losses due to reflection at the sample facets.  Therefore, the 
values for launch power given below refer to the power of the beam immediately after the input 
facet of the sample.  This gives a better idea of the performance of the device under different 
power levels when it is integrated with other optical components on the same chip.   
The beam is focused onto the device input facet using a 40X microscope objective so as 
to launch the guided mode of the waveguide.  The sample is mounted with silver conductive 
epoxy on a thin copper plate which is clamped in place atop a five axis translation stage to allow 
for precise positioning.  The output facet of the sample is imaged onto a Hitachi 8-bit CCD 
camera using a 40X microscope objective.  A computer equipped with a National Instruments 
PCI-1407 framegrabber allows us to capture images from the CCD camera and store them for 
data analysis.  Saturation of the image brightness was carefully monitored and was prevented by 
placing a set of neutral density filters (NDFs) in front of the camera.  A non-polarizing 50:50 
beam splitter redirects a portion of the beam onto a Thor Labs PDA36A silicon photodetector.   
For most experiments, it is useful to visualize the entire output intensity of the device.  However, 
sometimes it is preferable to focus on the output of a single waveguide from the array, rather 
than the entire intensity distribution.  For this purpose, a pair of adjustable width slits placed 
between the output microscope objective and the beam splitter allows us to block out the 
unwanted portions of the output beam.  The slits, one each for the horizontal and vertical axes, 
are slowly narrowed down until only the mode from the desired waveguide, typically the center 
input waveguide, can pass through.  
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The optical isolator devices that were investigated were arrays consisting of 11 
waveguides that were 2.5 µm wide with a separation between waveguides of 2.0 µm.  The center 
waveguide is the input waveguide and it extends beyond the front of the array by 310 µm.  The 
length of the actual array measures 0.95 mm.  The device also has a short output waveguide 
section, 38 µm in length.  On either side of the array, there is also a single individual waveguide 
that is 1.298 mm long and is completely uncoupled from the array.  These single waveguides are 
used for measuring losses and characterizing other parameters.   
In a waveguide array, the evolution of the field amplitude (in the linear regime) can be 
described by following set of coupled evolution equations 
  
   
  
  (         )    (5.2)  
where    is the mode field amplitude belonging to channel  , and   is the coupling constant.  
For the case of single channel excitation, this set of equations can be solved analytically through 
the use of Bessel functions, 
   ( )   
     (   ) (5.3)  
where   ( ) is an  
   order Bessel function of the first kind.  The coupling constant   of the 
waveguide array can be then extracted by fitting the experimentally obtained output intensity at 
low input power to the analytical solution given above.  The best fit was obtained using a value 
of   = 1350 m-1 for the coupling constant.   
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5.2 Observation of All-Optical Switching in Waveguide Array Isolators 
For our experiment, the mode-locked laser beam tuned to 806 nm was focused onto the 
center input waveguide of an array and the output distribution from the sample’s end facet was 
monitored.  The wavelength was chosen because, for that particular device, the maximum 
contrast in the transmission through the center waveguide was obtained as the input power was 
varied from low to high powers.  The coupling strength between the adjacent waveguides of an 
array changes with wavelength.  In particular, incoming light of a greater wavelength will 
experience increased coupling in the array.  We can therefore use wavelength tuning to more 
precisely obtain an intensity minimum at the center of the output distribution at low input 
powers, even when the physical dimensions of the array can no longer be altered.  If this 
operating wavelength still falls within the range where nonlinear effects are possible, then the 
contrast ratio of the device, that is, the ratio of the transmittance when the device is switched 
from its OFF state at low input powers to its ON state at high input powers can be made 
significantly greater.  By slowly tuning the wavelength and repeating the experiments, we can 
find the optimal wavelength, where the change in transmittance of the device is greatest, as well 
as the range over which switching is possible. 
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Figure 5-2 Measured Output Distribution and Corresponding Output Intensity Profiles for Input Launch Powers of 8.49 
µW (top), 43.5 µW, 373 µW and 627 µW (bottom).  On the intensity profiles to the right, the location of the center 
waveguide is marked by the red line.   
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Figure 5-2 shows a series of recorded images captured by the CCD camera and their 
corresponding output intensity profiles as the launch power, as measured immediately after the 
front facet of the sample, is increased from 8.50 µW to 627 µW.  To maintain a constant average 
input power, the acousto-optic modulated envelope width is simultaneously decreased from 300 
µs to 5 µs, as the power is increased from 8.50 µW to 627 µW, respectively.  The horizontal axis 
on the intensity profile graph is given in terms of pixels of the image.  The location of the center 
waveguide is marked by the red line.  The vertical axis is an arbitrary unit corresponding to the 
grayscale value of the 8-bit CCD camera. 
The series of images show a very clear rise in the output intensity of the center 
waveguide where the array was excited.  Note that these images are really indicators of the 
overall transmission of the optical pulses through the individual waveguides of the array device. 
At low power, the output distribution is weak and distributed, and all the visible outer peaks are 
of roughly the same intensity.  In the region where the center waveguide is located, however, 
there is a noticeable dip in the intensity profile.  As the launch power is increased, an intensity 
peak starts to develop in the center waveguide.  The entire output distribution also becomes more 
visible, and all the peaks, including those belonging to off-center waveguides, begin to grow, 
resulting in a rather “flat” profile.  At an input launch power of 373 µW, the peak in the center 
waveguide has reached its maximum value in the intensity profile.  Figure 5-2 shows that if the 
launch power is increased even further to 627 µW, the peak corresponding to the center 
waveguide drops slightly in intensity.  This is simply an indication that the transmission through 
the center waveguide has decreased.  If the averaged output profiles captured by the CCD camera 
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are converted into peak profiles, in the same manner as Equation (5.1), they actually show a 
continuous growth of the peaks at higher launch powers.   
The total power propagating in the center waveguide can be calculated by first focusing 
the laser beam on an individual, uncoupled waveguide and using a photodetector to measure the 
total power at the output facet.  The output profile was integrated over the width of the 
waveguide to find the area under the curve, and this area was associated with the measured 
power to generate a profile-area-to-output-power conversion ratio.  Then for any of the output 
distributions shown in Figure 5-2 above, the total power in any waveguide of the array can be 
measured by integrating and multiplying the resulting area by the conversion ratio.  This method 
was used to calculate the output power in the center waveguide as a function of input launch 
power (Figure 5-3).  As discussed above, this curve shows a continuous growth of the output 
power in the center waveguide measured immediately before the output facet, from 0.003 µW at 
low launch powers to 1.99 µW at high launch powers.  The rate of increase of the center output 
peak, however, does slow down at the higher launch power levels.   
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Figure 5-3 Measured Output Power in the Center Waveguide as a function of Input Launch Power 
 
We define the relative transmission of the device as the ratio of the output power in the center 
waveguide over the input launch power that was coupled into the sample.  That is,           .  
Figure 5-4 below shows the relative transmission of the device as a function of the input launch 
power.   
 
Figure 5-4 Measured Transmission of the Device as a function of Input Launch Power 
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It shows that the greatest change in transmission occurs when the input power is 
increased from 8.49 µW to 373 µW.  During that range, the transmission of the device grows by 
a factor of over 14.6, from 0.3e-3 at low launch power to 4.6e-3 at high launch power.  This 
contrast ratio is key to understanding the operation of the device and the switching ratio between 
its OFF and ON states.  A factor of 14.6 corresponds to a contrast ratio of 11.6 dB.  At even 
greater input powers, the output peak of the center waveguide drops in intensity.  In fact, as seen 
from Figure 5-2, all of the peaks in the output distribution pattern are reduced by the same 
amount, and the size of the peaks relative to each other do not change.  This suggests that at high 
input launch powers, there is a saturation of the transmission.  Therefore, beyond an input launch 
power of 373 µW, the transmission through the device begins to decrease slightly.  The 
transmission values through the array are consistent with what was expected, given the losses 
near the operating wavelength of 806 nm, shown previously in Figure 4-4. 
 Figure 5-5 shows numerical simulations of the wave propagating along an array whose 
parameters match the physical dimensions of the device that was experimentally measured.  At 
low powers (    = 8.5 µW), wave propagation follows the linear behavior of the array as light 
couples away from the excited center waveguide, leaving behind a relative intensity minimum at 
the output.  For high powers (    = 373 µW), the nonlinear behavior dominates and the light 
becomes trapped in the center waveguide.   
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Figure 5-5 Simulated Beam Propagation for Input Launch Powers of 8.5 µW (top) and 373 µW (bottom) 
 
 The corresponding simulated output intensity distribution for the same input peak powers 
are shown below in Figure 5-6.  As mentioned above, the etch depth of the waveguides can only 
be estimated (around 1.1 µm) during the fabrication of the sample.  It is never physically 
measured because performing a profilometer scan on an actual device can damage the integrity 
of the waveguide structures.  However, once light is allowed to propagate through the device, the 
physical height of the waveguides can be estimated by conducting beam propagation simulations 
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with varying etch depth and comparing the resulting output intensity distributions with the 
experimental data.   
 
 
Figure 5-6 Simulated Output Intensity Profiles for Input Launch Powers of 8.5 µW (top) and 373 µW (bottom) 
 
 Overall, the simulated output intensity patterns only somewhat resemble the measured 
experimental data.  At low input power, the two are in good agreement.  The simulated pattern 
predicts an intensity minimum in the center waveguide, and indeed that is the case with the 
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output intensity distribution obtained experimentally (See Figure 5-2).  This dip in the intensity 
of the center waveguide is what accounts for a good contrast between low and high input powers.  
The main discrepancy between the simulated and experimental results occurs at high input 
powers, where the simulations predict a collapse of the beam from the outer waveguides into the 
excited, center waveguide.  Experimentally, the mode in the center waveguide does increase 
significantly, but the modes in adjacent waveguides also experience some growth.  Theoretical 
simulations predicted a much greater increase in the mode of the center waveguide.  One 
possible cause for the discrepancy between simulated and experimental results at high input 
powers is that the exact strength of the band-filling nonlinearity is not well known, unlike the 
Kerr nonlinearity, for which n2 value for AlGaAs has been well studied.  Nevertheless, because 
the band-filling nonlinearity is also intensity-dependent, it was modeled as a Kerr-like 
nonlinearity, with an “effective” n2 parameter.  This explains why there is good agreement 
between simulated and experimental results at low powers, when the nonlinearity does not come 
into play, but there is discrepancy at higher input powers, when the role of the n2 parameter 
becomes more dominant.  Finally, in our experiments, the incoming beam consists of finite-time 
envelopes of light.  Even if the peak of the envelope is considered part of the high power regime 
capable of inducing nonlinear changes in the array, there are always some low power 
components at the front and back tails of the envelope which lead to linear propagation in the 
array.  The experimental result, is therefore a mixture of simultaneous linear and nonlinear light 
propagation.   
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5.3 All-Optical Switching for TM Polarization 
 The all-optical switching experiment was repeated for an input TM polarization.  The 
half-wave plate was rotated by 45
o
, resulting in a 90
o
 rotation of the polarization of the incoming 
beam.  The polarizing beam splitter at the output of the half-wave place was also replaced with 
one that allows maximum transmission for TM polarization.  The TE and TM polarizations 
interact with the quantum well differently.  Unlike the TE polarization, where light is polarized 
parallel to the quantum well layer, the TM polarization has light polarized normal to the well.  
As a result, TM polarized light cannot interact with the heavy hole sub-band in the valence band.  
Interband transitions are only allowed for an electron from the light hole band.  The heavy hole-
to-conduction band excitonic peak which is present in the absorption spectrum for TE polarized 
light is now absent from the spectrum for TM polarization, and the absorption edge for TM 
polarization has shifted to the light hole-to-conduction band excitonic peak at slightly higher 
energies [48, 97].  Therefore, for TM polarizations, the operating wavelength must be tuned to 
shorter wavelengths to experience appreciable amount of absorption and nonlinearity.  By 
focusing the TM polarized beam onto a single waveguide and measuring the losses in a manner 
similar to the one described in Section 4.1, we can calculate the losses as a function of the 
wavelength.  This is shown below in Figure 5-7.  When compared to Figure 4-4, we see that the 
magnitude of the losses are similar, but the curve has shifted to lower wavelengths by about 11 
nm.   
73 
 
 
Figure 5-7 Absorption Loss for TM polarization as a function of Wavelength 
 
 Similar to the TE experiment, the wavelength was tuned to achieve as low an intensity 
peak as possible in the center waveguide at low launch powers, while ensuring that the beam 
would still experience appreciable nonlinearity.  The TM polarized beam at 795 nm was focused 
onto the same device used for the TE experiment, an array that was 0.95 mm long, with a 310 
µm input waveguide section and a 38 µm output waveguide section.  The waveguides of the 
array are 2.5 µm wide and the separation between waveguides is 2.0 µm.  The input launch 
power was increased, while maintaining the total average power constant, and the output from 
the device was captured by the CCD camera.  The recorded images and their corresponding 
intensity profiles are provided in the next page.   
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Figure 5-8 Measured Output Distribution and Corresponding Output Intensity Profiles for TM polarization.  Input 
Launch Powers ranges from 10.2 µW (top) to 29.0 µW to 173 µW to 627 µW (bottom).  On the intensity profiles to the 
right, the location of the center waveguide is marked by the red line.   
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At the lowest input power, there is already a small peak present in the center waveguide.  When 
the input power is increased to 29 µW, the output peak of the center waveguide drops slightly in 
intensity before beginning to grow continuously for any additional power increase beyond that 
point.  The power in the center waveguide and the transmission through the device were 
measured in the same manner as discussed above.   
 
Figure 5-9 Measured Output Power in the Center Waveguide as a function of Input Launch Power for TM polarization 
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Figure 5-10 Measured Transmission of the Device as a function of Input Launch Power for TM polarization 
 
 As indicated by the series of images in Figure 5-8, the lowest transmission occurs at an 
input launch power of 29.0 µW, which can be considered the OFF state of the device.  The 
transmission through the device at the power level is 0.2e-3.  The transmission rises to a value of 
1.5e-3 when the input launch power is 627 µW and the device is switched to its ON state.  The 
result is a contrast ratio of 9.36 (or 9.7 dB) between the transmissions at high and low powers.  
Unlike the TE case, there does not appear to be any saturation in the transmission, even at the 
highest input power.  The presence of a small dip in the transmission curve is related to the slight 
decrease in the center waveguide’s output peak when the input launch power was increased from 
its lowest value to 29.0 µW.  It is an indication that, at this wavelength, the beam appears to be 
over-coupled in the array at the lowest input power.  That is, the length of the array is slightly 
greater than the distance needed to reach the location of the intensity minimum, so that now 
some of the beam is coupled back into the center waveguide. When the input launch power is 
increased slightly, the mode becomes more confined, which reduces the coupling, and thereby 
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exhibiting an output intensity minimum at 29.0 µW.  Despite being slightly detuned at low input 
powers, it was found that this wavelength gave the greatest contrast ratio between the 
transmissions at high and low launch powers.  It is possible that the operating wavelength was at 
a point where the absorption and resulting nonlinear index change were optimized.   
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CHAPTER SIX: OPTOELECTRONIC ISOLATOR SWITCH 
 So far, the experiments have involved only all-optical switching.  That is, only the input 
peak powers of the device has been changed, and this has accounted for the switching between 
the OFF and ON states of the device.  The next major phase of our research involves fabricating 
and testing devices where switching can be achieved via current injection.  The new devices will 
have contact pads only over the input waveguide section of the device, before the front entrance 
of the array.  The idea is that if a low peak power input beam, which would ordinarily lead to the 
device operating in an OFF state, can experience optical amplification before entering the 
waveguide array, then the peak power of the beam as it enters the array can be enough to switch 
the device to its ON state.  Optical amplification can be achieved by applying current to the 
contact pad, which in effect functions as a Semiconductor Optical Amplifier (SOA).  If the 
dimensions of the devices are designed properly so that an intensity minimum is present in the 
low power output distribution, we can also extend the center waveguide beyond the length of the 
array so that it will become the output waveguide of the device.  Then, at the output facet of the 
sample, we will only be able to see the propagating mode of the center waveguide, since all off-
center waveguides will be removed from the edge of the sample.  A high intensity peak can then 
be achieved in the device’s output waveguide by simply altering the current level.  A schematic 
of the proposed electrically-switched waveguide array optical isolator is shown below.  Having 
adjacent arrays with slightly varying lengths will alleviate the strict fabrication requirements of 
achieving the exact design dimensions.   
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Figure 6-1 Top View of Waveguide Array Devices with Contact Pads 
 
 With these new devices in mind, we fabricated a new set of samples, following along the 
same fabrication steps as the previous devices.  After the formation of waveguides via the 
AlGaAs / GaAs sputter process detailed in Table 3-4, the metal mask was left in place, and the 
sample was spin coated with an insulating polymer to fill the spaces in between the waveguides 
of the array and the spaces on both sides of the input waveguide.  Cyclotene resin is chosen as 
the insulating polymer because of its low dielectric constant, good thermal stability, and high 
degree of planarization.  It is curable at low temperatures through rapid thermal annealing.  The 
Cyclotene film was carefully etched down in the RIE chamber using the recipe outlined in Table 
6-1 below, until the top of the metal mask which is used to form the waveguides becomes 
exposed.  The metal mask was then removed by immersing the sample in a Buffered Oxide Etch 
(BOE) solution, which strips away the SiO2 film underneath and simultaneously lifts off the 
metal film.  It is preferable to cover the entire sample with Cyclotene first before stripping away 
the metal mask, because BOE may be harmful to the AlGaAs that forms the side of the 
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waveguide ridges.  The Cyclotene film, therefore, acts as a soft barrier to prevent the side walls 
of the waveguide from being exposed.  The total time during which the sample was immersed in 
BOE was around 15 minutes.  The sample’s AlGaAs surface did not appear to be harmed by the 
BOE solution.   
Table 6-1 Cyclotene Etching Process 
Cyclotene Etching Recipe 
Pressure 50 mT 
CF4 Flow Rate 5 sccm 
O2 Flow Rate 10 sccm 
RF Power 100 W 
Etching Rate 145 nm/min 
 
 The windows for the contact pads were then defined via photolithography.  Negative 
Futurrex NR9-1000PY photoresist was used again because it develops a negative side wall 
profile after hard baking, making it an ideal candidate for lift-off applications.  The sample was 
placed in the Edwards metallizing chamber to deposit the top side p-type contact, consisting of a 
9 nm thick Ti wetting layer, followed by 22 nm of Zn and 280 nm of Au.  In general, a thick Au 
layer is good for conduction, since it allows for current to spread evenly.  However, the metal 
film cannot be made too thick because otherwise metal might coat the sidewalls of the 
photoresist, making it difficult to lift off.  Since the thickness of the photoresist is about 1µm 
thick, it is a good rule of thumb to maintain the thickness of the metal film within a third of that 
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value.  After p-type metallization, the sample was left in a beaker of acetone overnight for lift-
off.  The metal contact was later annealed at 400
o
C for 60 seconds.   
 
Figure 6-2 Fabricated Waveguide Isolator Arrays with Input Gain Section 
 
 Figure 6-2 above shows a top view of the new waveguide arrays with input gain sections.  
The gold contact pads (shown on the left side of the image) are separated from the entrance to 
the array by 20 µm.  The contact pads are the same width as the arrays, to allow room for the 
current-passing probe tip to be positioned easily.  The exact length of the input waveguide 
section will be determined during cleaving of the device.  The shiny stripe running along the 
middle of the contact pad is a result of where the metal film actually makes contact with the top 
of the input waveguide.  On either side, the input waveguide is surrounded by cyclotene, an 
insulating polymer, so that all the current that is applied passes only through the top of the input 
waveguide.   
 The sample was thinned down to approximately 120 µm in thickness by grinding the 
backside with 5 µm diameter aluminum oxide powder.  Once the desired thickness is achieved, 
20 µm 
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the backside was polished using the finer 0.3 µm powder to obtain a flat, mirror-like surface.  
The n-type metal contact, consisting of 7 nm of Ni, 18 nm of Ge, and 208 nm of Au, was then 
deposited onto the backside of the sample, followed by a rapid thermal annealing at 425
o
C for 
120 seconds.  Finally, the sample was cleaved and mounted on copper plates, as per usual.   
 The device that was tested in this experiment consisted of an array of 11 waveguides, 2.5 
µm wide with 2.0 µm separation in between.  The array is 950 µm long, with a 930 µm long 
input waveguide section and an 85 µm long output waveguide section.  The gain section is 910 
µm long and it is separated from the front of the array by 20 µm.  The sample was cleaved so 
that the gain section would be as long as possible in order to provide the greatest optical 
amplification.   
 
Figure 6-3 Experimental Set-Up for Current Switching Experiment 
 
 The experimental set up was modified slightly for the current switching experiments.  
Carriers can be injected into the sample using a probe tip connected to a Keithley 224 
programmable current source.  On the output side, the adjustable width slits have been replaced 
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with a narrow linewidth bandpass filter, which is used to block most of the Amplified 
Spontaneous Emission (ASE) that is generated when applying current.  The filter has a 3-nm 
bandwidth that is centered at 808 nm.  By rotating the filter slightly, we can shift this 
transmission window towards lower wavelengths only.  The experiment consists of applying a 
fixed current level to the input waveguide gain section, exciting the device with a range of input 
launch powers and recording the resulting output distribution and power.  Ideally, for a given 
current level, we would like to reproduce the same transmission curves and contrast ratios as the 
case when no current is applied.   
6.1 All-Optical Switching 
 Since these are brand new devices that have been fabricated separately, it is necessary to 
redo the all-optical switching experiment.  A TE polarized input beam is focused onto the device, 
and the wavelength is tuned to obtain the lowest possible intensity peak at the output of the 
center waveguide for low input launch powers.  In this case, the wavelength was tuned to 804.64 
nm.  The narrow linewidth bandpass filter at the output of the sample was rotated to allow 
maximum transmission through the filter at this wavelength.  The input launch power was 
increased while maintaining a constant average power.  The CCD camera was used to capture the 
resulting output images shown here.   
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Figure 6-4 Measured Output Distribution and Corresponding Output Intensity Profiles for Input Launch Powers of 6.15 
µW (top), 17.4 µW, 43.5 µW and 451 µW (bottom).  On the intensity profiles to the right, the location of the center 
waveguide is marked by the red line. 
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At low power, the output distribution is weak and distributed, and all the visible peaks are of 
roughly the same intensity.  As the input launch power is increased, all the peaks, including those 
belonging to off-center waveguides, begin to grow.  The center peak, however, rises faster than 
the rest.  At an input peak launch power of 43.5 µW, the peak in the center waveguide clearly 
dominates over those of the other waveguides.  The off-center peaks have also increased slightly, 
but rather than the “flat” profile distribution that was prevalent at low power, now there is a 
noticeable slant in peak intensity from the outer waveguides up towards the center waveguide.  
The measured output power in the center waveguide and the transmission through the device are 
given below.   
 
Figure 6-5 Measured Output Power in the Center Waveguide as a function of Input Launch Power 
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Figure 6-6 Measured Transmission of the Device as a function of Input Launch Power 
 
 More so than in the previous set of devices, the growth of the output power in the center 
waveguide as a function of input launch power is almost a linear relationship (See Figure 6-5).  
As the input launch power is increased from 6.15 µW to 451 µW, the power in the center 
waveguide also increases from 0.017 µW to 14.19 µW, respectively.  These power values 
correspond to transmission values of 2.8e-3 to 31.5e-3 for the same range of input launch 
powers.  The contrast ratio between the transmission during the ON state (high power) and the 
OFF state (low power) is therefore around 11.43.  This corresponds to a ratio of 10.6 dB.  
Because there are no changes in curvature in the relationship between the output and input 
powers, the transmission curve of the device is always increasing.  Nevertheless, beyond a 
launch power of 173 µW, the transmission curve does slow down, showing signs of the 
nonlinearity beginning to saturate.   
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6.2 Current Switching 
 Now we apply a fixed current to the contact pad over the input waveguide and repeat the 
experiment.  As the beam passes through this gain section, it will experience optical 
amplification.  Since we want to replicate the results just presented in the all-optical experiment, 
the new input launch powers must be reduced so that the power of the beam immediately after 
the gain section and before entering the array is similar in value to the corresponding input 
launch powers in the all-optical switching experiment.  Ideally, the new input launch powers 
should be reduced from the old launch powers by a factor equal to the gain provided by the 
applied current level.  The previous range of input launch powers from 6.15 - 451 µW is now 
reduced to 0.94 – 70.1 µW by placing neutral density filters in the beam path before reaching the 
input microscope objective.  The wavelength of the incoming beam was not changed.  The CCD 
camera was used to record images when 9 mA of CW current was being applied and the beam 
was exciting the device.  In all of the images presented below, the Amplified Spontaneous 
Emission (ASE), which is found by capturing an image when only current is injected and no 
beam is passing through the device, has been subtracted in post-experimental image processing.   
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Figure 6-7 Measured Output Distribution and Corresponding Output Intensity Profiles when 9 mA of CW current is 
applied.  The input launch powers are 0.94 µW (top), 4.68 µW, 58.1 µW and 70.1 µW (bottom).  On the intensity profiles 
to the right, the location of the center waveguide is marked by the red line. 
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The behavior of the device when 9 mA of current is applied is similar in nature to its behavior 
during the all-optical experiment shown in Figure 6-4.  In particular, the change in the output 
intensity distribution pattern is similar.  At the lowest input launch power, there is a small peak 
present in the center waveguide, but it is similar in size to the adjacent off-center peaks.  The 
output pattern at this point is very flat.  As the input launch power is increased, the peak 
corresponding to the center waveguide begins to rise faster than the other peaks, until it 
dominates over the rest at high input powers, just like in the case of the all-optical experiment.  
At the highest launch power, the intensity appears to drop slightly.  The output power in the 
center waveguide and the corresponding transmission of the device are shown below in Figure 
6-8 and Figure 6-9, respectively. 
 
Figure 6-8 Measured Output Power in the Center Waveguide as a function of Input Launch Power when 9 mA of CW 
current is applied 
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Figure 6-9 Measured Transmission of the Device as a function of Input Launch Power when 9 mA of CW current is 
applied 
 
 The output power in the center waveguide is no longer linear with respect to the 
increasing launch power.  In fact, there is a small change in the curvature, which also manifests 
itself in the transmission curve.  The transmission curve when 9 mA of current is applied is 
similar in shape to the curve when no current is applied, except that at the highest input launch 
power we see a small decrease in the transmission.  Again, this is indicative of some saturation 
of the nonlinearity.  The contrast ratio of high transmission to low transmission is 7.38 (or 8.7 
dB) in this case, which is lower than the contrast ratio measured during the all-optical experiment 
conducted on this same device.  However, it is important to note that the magnitude of the 
transmission is now also about an order of magnitude greater.  This, of course, is due to the 
optical amplification of the beam via current injection.  Ideally, we would like the optical gain to 
be great enough to overcome the losses of the waveguides and the array, so that at the output, we 
obtain a transmission value of unity.   
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 The results suggest that we should apply greater current to obtain transmission values 
closer to unity, and hopefully to improve the contrast ratio between high and low transmission.  
However, increasing the applied current did not yield as good results.  We were limited by the 
increased amount of background noise due to the injection of current only.  At greater current 
values, the signal-to-noise ratio drops below half, and the background noise level actually 
overcomes the signal level.  When coupled with the fact that more neutral density filters need to 
be placed at the output to avoid saturating the CCD camera, detecting any real change in the 
output distribution pattern of the signal becomes difficult.   
6.3 Operation of the Device 
 Based on the results obtained from the all-optical switching and the current switching 
experiments, we now discuss the optimum operating conditions for this device.  The device can 
be divided into two sections: the array section where the beam will spread to yield a weak beam 
in the center waveguide, and a gain section where the current applied will help to overcome the 
losses of the array.   
 
Figure 6-10 Power values in the center waveguide at different points when the device is operated in the forward direction 
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From Figure 6-9, when 9 mA of current is applied to the device, the greatest transmission occurs 
for an input launch power of 58.1 µW.  At this launch power, the output power in the center 
waveguide is 8.54 µW.  According to Figure 6-5, which shows the output power curve for the 
array section of the device only, an output power of 8.54 µW in the center waveguide requires a 
launch power of roughly 285 µW.  In other words, 285 µW must be available before the entrance 
to the array for there to be 8.54 µW present at the output.  That means that the 9 mA of current 
was enough to amplify the 58.1 µW input launch power into 285 µW immediately before 
entering the array.  This corresponds to an optical gain of 4.9 times or 6.9 dB.   
 
Figure 6-11 Power values in the center waveguide at different points when the device is operated in the reverse direction 
 
 We now consider how the device will behave when operated in reverse.  Suppose that all 
of the power transmitted through the device experiences 100% reflection, and the 8.54 µW is 
launched back into the device through the output waveguide.  From Figure 6-5, such a launch 
power traversing through the array will result in an output power in the center waveguide of 
approximately 0.066 µW.  The power then gets amplified in the gain section where it 
experiences an optical gain of 4.9, and the total power coming back out from the input of the 
device is around 0.32 µW.  Under these operating conditions, the transmitted power in the 
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forward direction is 8.54 µW, while the transmitted power coming back is 0.32 µW.  That is a 
factor of over 26 between the ON and OFF states.  The reason this switching ratio is higher than 
the factor of 11 we measured during the all-optical experiment is because the relative 
transmission is not close to unity.  The optical gain through the input waveguide section is not 
enough to attain an ideal one to one transmission in the forward direction.  If the optical gain 
were higher, then the backward propagating beam would experience greater optical amplification 
before exiting the device, thereby reducing the switching ratio.   
 We can also examine how the device will operate if there is a way to apply enough gain 
to achieve a transmission of unity, while simultaneously allowing us to measure the signal at the 
output.  In this case, the output power measured in the center waveguide will always equal the 
input launch power into the device.  If we assume that the output beam will always experience 
100% reflection back into the device, then it is best to choose an input launch power that is 
sufficiently low so as to experience the lowest possible transmission and achieve the greatest 
contrast ratio between the forwards and backwards directions.  In the forward direction, a low 
power beam will obtain the optical amplification it needs to overcome the losses of the array.  In 
the backwards direction, this same low power beam will be greatly reduced by propagating 
through the array first and any subsequent amplification it experiences as it passes through the 
gain section will be minimal.  According to Figure 6-6, the lowest measured transmission 
occurred with an input launch power of 6.15 µW.  Launching the device with an input power 
greater than this value will lead to a less than ideal performance.  Suppose we launch 5.0 µW 
into the input waveguide of the device and supply enough current to the gain section to achieve 
optical amplification by a factor of 34.6.  The power in the input waveguide immediately after 
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the gain section and before entering the array will be 173 µW.  From Figure 6-6, such an input 
power launched into the array falls within the high power regime of the device where the 
transmission is greatest.  It will result in 5.0 µW at the output, satisfying our condition of unity 
transmission.  If now, the 5.0 µW is reflected back into the output waveguide, it will travel 
through the array first.  Such a low input launch power will switch the device to the OFF state 
where the transmission is lowest, and the power in the center waveguide travelling backwards 
after the array will be 0.014 µW.  The beam will experience optical amplification by a factor of 
34.6 as it passes through the gain section of the device, before coming out through the front facet 
of the device with a total power of 0.477 µW.  Under these operating conditions, the switching 
ratio of the device between its ON and OFF states is 10.48, which corresponds to 10.2 dB.   
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CHAPTER SEVEN: CONCLUSION 
 In this dissertation, we have presented a novel non-reciprocal transmission optical 
isolator which can be easily integrated with other optoelectronic components in a single photonic 
integrated circuit (PIC).  Photonic integrated circuits typically combine multiple components on 
the same chip, which allows for greater compactness and higher performance than with discrete 
devices.  They also offer the possibility of simple integration with electronic circuits.  The range 
of devices commonly in use in PICs includes lasers, detectors, waveguides, splitters, optical 
amplifiers and optical modulators.  However, one device that is missing is an integrated optical 
isolator, which will allow light propagation in one direction, but not the other.   
 Our design for an integrated optical isolator consists of two sections with distinct 
functions: a gain section and a nonlinear loss section.  When light propagates through the device 
in the forward direction, it will propagate through the gain section first, where it will experience 
optical amplification, allowing it to overcome the losses in the following section.  The beam will 
therefore survive transmission through the device still with appreciable power intact.  In reverse, 
light that propagates backwards through the device will experience the loss section first, so that 
by the time the beam reaches the gain section, it will have diminished significantly in power so 
that even after optical amplification, the resulting power is negligible.  In our device, the gain 
section consists of a semiconductor optical amplifier (SOA), where carriers are injected to 
generate stimulated emission for the incoming beam.  The nonlinear loss section consists of an 
array of closely spaced, identical waveguides, with the input and output waveguide of the device 
as the center waveguide of the array.  Linear and nonlinear wave propagation, including the 
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formation of discrete solitons, in waveguide arrays has been studied extensively.  In the low 
power linear regime, a beam incident on the waveguide array will experience “discrete” 
diffraction, whereby power from the incident (center) waveguide will couple to adjacent 
waveguides.  If the physical parameters of the waveguide array are designed and fabricated 
properly, it is possible for the center waveguide to exhibit an intensity minimum at the output of 
the array.  In this fashion, a waveguide array makes an excellent choice for a nonlinear loss 
element in the low power regime.  If the power incident on the array is sufficiently high, it is 
possible to overcome the discrete diffraction and create a localized beam in the incident (center) 
waveguide.  This is achieved via a local nonlinear index change which reduces the coupling 
between the center waveguide and its adjacent neighbors.  So at high powers, the array actually 
works in our favor by facilitating the transmission of the beam through the device.  
 In this dissertation, we have presented in detail the design process for the waveguide 
array to ensure that it will behave as intended.  Finite difference methods were used to study the 
propagating modes in a waveguide under different width and height parameters.  We were 
motivated by a desire for the waveguide to allow only the propagation of a single mode, but one 
whose evanescent tail still extends enough beyond the width of the waveguide to allow coupling.  
We then examined how the propagation dynamics will change when the waveguide was placed 
together in an array of identical, equidistant waveguides.  The theoretical framework used for 
simulating propagation dynamics in waveguide arrays is the Nonlinear Schrodinger Equation 
(NLSE), which we solved numerically using a Split-Step Fourier Transform method.  By solving 
the NLSE in very small steps, we were able to simulate beam propagation in a waveguide array 
with different combinations of waveguide widths, separation, height and length, and also for 
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different power levels.  These simulations provided us with a way of determining the location of 
the intensity minimum in the center waveguide of the output distribution pattern.  We were also 
able to examine how the intensity distribution pattern at the output of the array would change for 
different power levels, allowing us to visualize the “switching” of the device.  These output 
distribution patterns would later be compared with experimental results.   
 We have also discussed in detail how to fabricate the samples.  In particular, the 
waveguides were formed through physical sputtering of the AlGaAs / GaAs semiconductor 
wafer using a high energy CF4-based plasma.  The dimensions and locations of the waveguides 
were defined via photolithography and lift off.  A metal mask consisting of chromium and nickel 
over a layer of silicon dioxide was used to cover the areas on the wafer where etching was not 
desired.   
 After fabrication, we proceeded with an in-depth characterization of the devices, by 
measuring several important parameters in semiconductor gain devices.  The measurement of the 
internal optical loss involved a technique which required a set of laser diodes, varying in length 
but otherwise equivalent.  We also measured the optical modal gain and the differential gain 
when current is applied based on an analysis of the Amplified Spontaneous Emission (ASE) 
spectra.  More specifically, the gain was determined from the contrast of the ASE peaks at 
different current levels below threshold.  Finally, we were also able to measure the linewidth 
enhancement factor.  This is a critical parameter for characterizing laser diodes because it relates 
the changes in the gain to the changes in the refractive index due to a change in the carrier 
concentration.  It is sometimes considered as a measure of the “nonlinearity” in the system.   
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 A versatile experimental setup was assembled to control the polarization and power of 
the incoming beam.  The CCD camera which recorded images from the output of the sample was 
interfaced with a computer to obtain the intensity distribution profile and for further post-
processing.  Every care was taken to ensure that as the input launch power was varied, the total 
average power incident on the sample was constant.  In this manner, we were certain that the 
changes in the output intensity distribution pattern were due to nonlinear effects brought on by 
the high power levels of the incoming beam.  In the all-optical experiment, where only the input 
launch power was increased, we were indeed able to measure an increase in the transmission 
through the device.  When the optical isolator is switched from its OFF to its ON state, the 
transmission of the device was measured to have increased by a factor of over 10 dB.  When we 
compared the experimental intensity distribution patterns to those obtained via numerical 
simulation, we found that there was good agreement at low powers, and were able to account for 
the discrepancies at high input powers.  Similar results were obtained when we performed the 
experiment using TM polarized light.  We found that we had to decrease the operating 
wavelength by 11 nm to obtain a contrast ratio of 9.7 dB between the OFF and ON states.  This 
observation is attributed to the shift in the absorption band edge towards higher energies for the 
TM polarization.   
 We also performed experiments where the switching of the device was achieved via 
injection of current into the gain section before the entrance to the array.  Wanting to recreate the 
same transmission curves as seen during the all-optical switching experiments, we decreased the 
range of input launch powers and applied 9 mA current to the input waveguide SOA.  At the 
output, a narrow linewidth bandpass filter optimized for the operating wavelength of the 
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experiment was used to block the ASE.  In post-experimental image processing, the background 
noise caused by the presence of the current was subtracted from all of the images recorded by the 
CCD camera.  In the current-switching experiment, the output intensity distribution patterns 
resembled very closely the patterns obtained during the all-optical experiments.  However, at the 
lowest launch powers, a small peak was present at the output of the center waveguide.  As a 
result, the contrast ratio between the low and high powers was reduced slightly to 8.7 dB.   
 One of the main limitations we encountered during this experiment is the significant 
amount of noise that was present from applying current to the gain section.  The noise manifests 
itself as a background level, on top of which sits the signal.  As the current is increased, the noise 
background level rises and eventually the signal to noise ratio falls well below 0.5.  That is, the 
background noise level actually overtakes the signal level.  When we consider that at higher 
current levels more neutral density filters must be placed in front of the CCD camera to avoid 
saturation, then any changes in the signal becomes difficult to measure.  As discussed in the 
previous chapter, if we can achieve a transmission of unity through the device when there is 
current applied and the beam is propagating in the forward direction, it is advantageous to launch 
a lower power beam into the device in order to achieve the greatest contrast ratio between the 
forwards and backwards directions.  However, in order for such a low power beam to experience 
a transmission of unity through the device, the optical gain must be very large.  This implies the 
presence of a rather large background noise.   
 The background noise level can be minimized in a few ways.  In our experiments, the 
current was applied continuously at all times.  The incoming light, however, was shaped into 
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finite width time envelopes using an acousto-optic modulator (AOM) and a pulse generator.  
This was done to allow us to vary the peak power level of the envelope while keeping the total 
average power constant.  As the peak power level is increased, the width of the envelope is 
simultaneously decreased, so any changes visible at the output are not caused by simply 
increasing the total amount of light into the device, but as a result of actual nonlinear effects 
brought about by an increase in the peak power level.  The background noise would be greatly 
reduced if we were able to use a pulsed current source that could be synchronized to the same 
duty cycle as the incoming light envelopes.  The current source we used for our experiments 
cannot be triggered to generate pulses in such a manner.  Other pulsed laser diode drivers at our 
disposable could not match the range of pulse widths that is required to be synchronized to the 
light emvelopes.  Typically, the laser diode drivers could not generate pulse widths greater than 1 
µs.  Another method of reducing the background noise would be to design the physical 
parameters of the array so that the coupling is reduced and the location of the intensity minimum 
in the center waveguide occurs at greater distances.  This means that the array section of the 
device would be made longer, so that the background noise would be less visible at the output of 
the device.  We could also try to decrease length of the gain section, but this would affect the 
amount of gain experienced.  There is an interplay between the amount of gain required to 
achieve a transmission of unity through the device and the amount of noise visible at the output 
that will determine the ideal length of the gain section for different current values.   
 Another limitation we encountered was that the amount of nonlinearity in our material is 
rather small.  As discussed previously, the source of the nonlinearity comes from the band-filling 
effect in semiconductors leading to a shift in the absorption edge and a subsequent change in the 
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refractive index.  The amount of nonlinearity therefore depends on the amount of absorption.  
Because our semiconductor wafer has a single quantum well core, the overlap integral between 
the well and the propagating mode is very small, resulting in a small nonlinearity.  The epitaxial 
structure of this wafer was designed for facilitating optical amplification, and it works great in 
that regard.  Unfortunately, it is not ideal for nonlinear applications.  If the experiments were 
replicated with a different wafer, such as one with multiple quantum wells, where the overlap 
integral with the propagating mode will be greatly increased, then the contrast ratio of the device 
would be potentially increased.   
 In discussing our limitations, we have also identified possible avenues for future work.  
We can continue to optimize the physical parameters of the device, by making the array section 
longer, for example.  This would actually be beneficial in another way, as well.  According to 
Figure 2-14, when the intensity minimum is designed to appear at greater distances, the value of 
the intensity minimum at that distance actually decreases.  This could lead to an increased 
contrast ratio.   
 Fundamentally, our device is one with a gain section and a nonlinear loss section.  
Switching and non-reciprocal transmission is achieved via the order in which an incoming beam 
experiences the two sections.  We could also pursue alternative or complimentary methods of 
achieving nonlinear loss.  One idea which has already been suggested is to extend the length of 
the output waveguide section and place two metal layers on either side of the output waveguide.  
The metal layers will be used to absorb the light that comes out from the off-center waveguides.  
102 
 
These metal layers will also help in reducing the amount of background noise that is visible at 
the output of the device.   
 This summary has outlined some possible directions for future research.  It is my sincere 
hope that the work presented here has provided sufficient theoretical and experimental 
information to encourage others to develop new ideas and applications based on this research.   
 
 
 
 
 
  
103 
 
LIST OF REFERENCES 
1. A. E. Siegman, Lasers (University Science Books, Sausalito, CA, 1986). 
 
2. O. Svelto, Principles of Lasers (Springer, New York, 1998). 
 
3. W. T. Silvfast, Laser Fundamentals (Cambridge University Press, New York, 2000). 
 
4. L. A. Coldren, Diode Lasers and Photonic Integrated Circuits (John Wiley & Sons, New 
York, 1995). 
 
5. S. L. Chuang, Physics of Optoelectronic Devices (John Wiley & Sons, New York, 1995). 
 
6. S. M. Sze, Physics of Semiconductor Devices, 2
nd
 ed. (John Wiley & Sons, New York, 
1981).   
 
7. H. C. Casey, Jr. and M. B. Panish, Hetereostructure Lasers  (Academic, New York, 
1978). 
 
8. L. A. D’Asaro, “Advances in GaAs Junction Lasers with Stripe Geometry.” J. Lumin., 7, 
310 (1973). 
 
9. T. L. Paoli, “Waveguiding in a Stripe-Geometry Junction Laser,” IEEE J. Quantum 
Electron., 13, 662 (1977). 
 
10. M. I. Nathan, “Semiconductor Lasers,” Proc. IEEE, 54, 1276 (1966). 
 
11. G. Lasher and F. Stern, “Spontaneous and Stimulated Recombination Radiation in 
Semiconductors,” Phys. Rev., 133 A553 (1964). 
 
12. M. B. Panish, “Heterostructure Injection Lasers,” Proc. IEEE., 64, 1512 (1976) 
 
13. N. Holonyak, Jr., R. M. Kolbas, R. D. Dupuis, and P. D. Dapkus, “Quantum-Well 
Heterostructure Lasers,” IEEE J. Quantum Electron. 16, 170 (1980). 
 
14. K. Okamoto, Fundamentals of Optical Waveguides (Academic Press, San Diego, 2000). 
 
15. A. Yariv, Optical Electronics in Modern Communications, 5
th
 ed. (Oxford University 
Press, New York, 1997). 
 
16. R. G. Hunsperger, Integrated Optics: theory and technology (Springer Verlag, Berlin, 
2002). 
 
104 
 
17. H. F. Taylor and A. Yariv, "Guided Wave Optics," Proc. IEEE 62, 1044 (1974). 
 
18. A. L. Jones, "Coupling of optical fibers and scattering in fibers," J. Opt. Soc. Am. 55, 261 
(1965). 
 
19. A. Yariv, “Coupled-mode theory for guided-wave optics,” IEEE J. Quantum Electron. 9, 
919 (1973). 
 
20. S. M. Jensen, "The non-linear coherent coupler," IEEE J. Quan. Electron. 18, 1580 
(1982). 
 
21. S. Trillo and S. Wabnitz, "Nonlinear nonreciprocity in a coherent mismatched directional 
coupler," Appl. Phys. Lett. 49, 752 (1986). 
 
22. Y. Silberberg and G. I. Stegeman, "Nonlinear coupling of modes - A new approach to 
alloptical guided wave devices," J. Opt. Soc. Am. A 3, P41 (1986). 
 
23. Y. Silberberg and G. I. Stegeman, "Nonlinear coupling of waveguide modes," Appl. 
Phys. Lett. 50, 801 (1987). 
 
24. S. Trillo, S. Wabnitz, E. M. Wright, and G. I. Stegeman, "Soliton switching in fiber 
nonlinear directional couplers," Opt. Lett. 13, 672 (1988). 
 
25. F. J. Fraile-Pelaez and G. Assanto, "Coupled-mode equations for nonlinear directional 
couplers," Appl. Opt. 29, 2216 (1990). 
 
26. F. J. Fraile-Pelaez and G. Assanto, "Improved Coupled-Mode Analysis of Nonlinear 
Distributed Feedback Structures," Opt. Quant. Electron 23, 633 (1991). 
 
27. S. R. Friberg, Y. Silberberg, M. K. Oliver, M. J. Andrejco, M. A. Saifi, and P. W. Smith, 
"Ultrafast all-optical switching in a dual-core fiber nonlinear coupler," Appl. Phys. Lett. 
51, 1135 (1987). 
 
28. A. M. Weiner, Y. Silberberg, H. Fouckhardt, D. E. Leaird, M. A. Saifi, M. J. Andrejco, 
and P. W. Smith, "Use of femtosecond square pulses to avoid pulse breakup in all-optical 
switching," IEEE J. Quant. Electron. 25, 2648 (1989). 
 
29. P. LiKamWa, A. Miller, C. B. Park, J. S. Roberts, and P. N. Robson, "All-optical 
switching of picosecond pulses in a GaAs quantum well waveguide coupler," Appl. Phys. 
Lett. 57, 1846 (1990). 
 
30. J. S. Aitchison, A. Villeneuve, and G. I. Stegeman, "Nonlinear directional couplers in 
AlGaAs," J. Nonlin.Opt. Phys. 4, 871 (1995). 
 
105 
 
31. D. N. Christodoulides, F. Lederer, and Y. Silberberg, “Discretizing light behavior in 
linear and nonlinear waveguide lattices,” Nature 424, 817 (2003). 
 
32. D. Mandelik, H. S. Eisenberg, Y. Silberberg, R. Morandotti, and J. S. Aitchison, "Band-
Gap Structure of Waveguide Arrays and Excitation of Floquet-Bloch Solitons," Phys. 
Rev. Lett. 90, 053902 (2003). 
 
33. A. L. Jones, "Coupling of optical fibers and scattering in fibers," J. Opt. Soc. Am. 55, 261 
(1965). 
 
34. S. Somekh, E. Garmire, A. Yariv, H. L. Garvin, and R. G. Hunsperger, "Channel optical 
waveguide directional couplers," Appl. Phys. Lett. 22, 46 (1973). 
 
35. D. N. Christodoulides and R. I. Joseph, "Discrete self-focusing in nonlinear arrays of 
coupled waveguides," Opt. Lett. 13, 794 (1988). 
 
36. G. P. Agrawal, Nonlinear Fiber Optics, 3
rd
 ed. (Academic Press, San Diego, 2001). 
 
37. R. Boyd, Nonlinear Optics, 2
nd
 ed. (Academic Press, Boston, 2003). 
 
38. H.S. Eisenberg, Y. Silberberg, R. Morandotti, A.R. Boyd and J.S. Aitchison, “Discrete 
Spatial Optical Solitons in Waveguide Arrays,” Phys. Rev. Lett. 81, 3383 (1998). 
 
39. D. Mandelik, R. Morandotti, J.S. Aitchison and Y. Silberberg, “Gap solitons in 
waveguide arrays,” Phys. Rev. Lett. 92, 93904 (2004). 
 
40. J. W. Fleischer, M. Segev, N. K. Efremidis, and D. N. Christodoulides, “Observation of 
two-dimensional discrete solitons in optically-induced nonlinear photonic lattices,” 
Nature 422, 147 (2003). 
41. A. A. Sukhorukov, D. Neshev, W. Krolikowski, and Yu. S. Kivshar, “Nonlinear Bloch-
wave interaction and Bragg scattering in optically induced lattices,” Phys. Rev. Lett. 92, 
093901 (2004). 
 
42. P. St. J. Russell, “Optics of Floquet-Bloch waves in dielectric gratings,” Appl. Phys. B 
39, 231 (1986) 
 
43. R. Morandotti, U. Peschel, J. S. Aitchison, H.S. Eisenberg, Y. Silberberg, “Dynamics of 
Discrete Solitons in Optical Waveguide Arrays,” Phys. Rev. Lett. 81, 2726 (1999). 
 
44. S. Trillo and W. Torruellas (Eds.), Spatial Solitons (Springer-Verlag, Berlin, 2001). 
 
45.  Y. S. Kivshar and G. P. Agrawal, Optical Solitons (Academic Press, San Diego, 2003). 
 
106 
 
46.  S. Schmitt-Rink, D. S. Chemla, and D. A. B. Miller, "Linear and nonlinear optical 
properties of semicondcutor quantum wells," Advances in Physics 38 (2), 89 (1989). 
 
47. D. S. Chemla, D. A. B. Miller, P. W. Smith, A. C. Gossard, and W. Wiegmann, “Room 
Temperature Excitonic Nonlinear Absorption and Refraction in GaAS/AlGaAs Multiple 
Quantum Well Structures,” IEEE J Quantum Electron. 20 (3), 365 (1984). 
 
48. D. S. Chemla and D. A. B. Miller, “Room-temperature excitonic nonlinear-optical effects 
in semiconductor quantum-well structures,” J. Opt. Soc. Am. B 2 (7), 1155 (1985). 
 
49. D. A. B. Miller, D. S. Chemla, T. C. Damen, A. C. Gossard, W. Wiegmann, T. H. Wood, 
and C. A. Burrus, "Electric field dependence of optical absorption near the bandgap of 
quantum-well structures," Phys. Rev. B 32 (2), 1043 (1985). 
 
50. G. D. Sanders and K. K. Bajaj, "Electronic properties and optical-absorption spectra of 
GaAs-AlGaAs quantum wells in externally applied electric fields," Phys. Rev. B 35 (5), 
2308 (1987). 
 
51. C. H. Henry, R. A. Logan, and K. A. Bertness, “Spectral dependence of the change in 
refractive index due to carrier injection in GaAs lasers,” J. Appl. Phys., 52 (7), 4457 
(1981). 
 
52. J. Manning, R. Olshansky, and C. Bin Shu, “The carrier-induced index change in AlGaAs 
and 1.3 m InGaAsP diode lasers,” IEEE J. Quantum Electronics, 19, 1525 (1983). 
 
53. J. G. Mendoza-Alvarez, R. H. Yan, and L. A. Coldren, “Contribution of the band-filling 
effect to the effective refractive-index change in double heterostructure GaAs/AlGaAs 
phase modulators,” J. Appl. Phys., 62 (11), 4548 (1987). 
 
54. B. R. Bennett, R. A. Soref, and J. A. Del Alamo, “Carrier-induced change in refractive 
index of InP, GaAs, and InGaAsP,” IEEE J. Quantum Electron., 26, 113 (1990). 
 
55. E. Burstein, “Anomalous optical absorption limit in InSb,” Phys. Rev. 93, 632 (1954). 
 
56. S. E. H. Turley, G. H. B. Thompson, and D. F. Lovelace, “Effect of injection current on 
the dielectric constant of an inbuilt waveguide in twin-transverse-junction stripe lasers," 
Electron. Lett. 15, 256 (1979). 
 
57. M. Ito and T. Kimura, “Carrier density dependence of refractive index in AlGaAs 
semiconductor lasers,” IEEE J. Quantum Electron. 16, 910 (1980). 
 
58. C. B. Shu and R. Olshansky, “Carrier lifetime measurement for determination of 
recombination rates and doping levels of III-IV semiconductor light sources," Appl. 
Phys. Lett. 41, 833 (1982). 
107 
 
 
59. J. Manning and R. Olshansky, “Carrier-induced index change in AlGaAs double-
heterostructure lasers," Electron. Lett. 17, 506 (1981). 
 
60. K. Nakamura, A. Shimizu, K. Fujii, M. Koshiba, and K. Hayata, "Numerical Analysis of 
the Absorption and the Refractive Index Change in Arbitrary Semiconductor Quantum-
Well Structures," IEEE J Qunatum Electron. 28 (7), 1670 (1992). 
 
61. J. S. Weiner, D. A. B. Miller, D. S. Chemla, T. C. Damen, C. A. Burrus, T. H. Wood, A. 
C. Gossard, and W. Wiegmann, “Strong polarization-sensitive electroabsorption in 
GaAs/AIGaAs quantum well waveguides,” Appl. Phys. Lett. 47, 1148 (1985). 
 
62. J. S. Weiner, D. A. B. Miller, and D. S. Chemla, “Quadratic electrooptic effect due to the 
quantum-confined Stark effect in quantum wells,” Appl. Phys. Lett. 50, 842 (1987). 
 
63. D. A. B. Miller, J. S. Weiner, and D. S. Chemla, “Electric-Field Dependence of Linear 
Optical Properties in Quantum Well Structures: Waveguide Electroabsorption and Sum 
Rules,” IEEE J Quantum Electron. 22 (9), 1816 (1986). 
 
64. N. K. Dutta, N. A. Olsson, and W. T. Tsang, "Carrier induced refractive index change in 
AlGaAs quantum well lasers," Appl. Phys. Lett. 45 (8), 836 (1984). 
 
65. K. Kawano and T. Kitoh, Introduction to Optical Waveguide Analysis (John Wiley & 
Sons, New York, 2001). 
 
66. C. H. Henty, R. A. Logan, F. R. Merritt, and J. P. Luongo, “The Efffect of the 
Intervalence Band Absorption on the Thermal Behavior of InGaAsP Lasers”, IEEE J. 
Quantum Electron. 19, 947 (1983). 
 
67. J. R. Biard, W. N. Carr, and B. S. Reed, "Analysis of a GaAs Laser", Trans. Metallurg. 
Soc. AIME, 230, 286 (1964). 
 
68. H. C. Casey Jr., M. B. Panish, W. O. Schlosser, and T. L. Paoli, “GaAs-AlxGa1-xAs 
heterostructure laser with separate optical and carrier confinement”, J. Appl. Phys. 45, 
322 (1974). 
 
69. P. M. Smowton and P. Blood, “On the determination of internal optical mode loss of 
semiconductor lasers”, Appl. Phys. Lett. 70, 2365 (1997). 
 
70. P. A. Andrekson, N. A. Olsson, T. Tanbun-Ek, R. A. Logan, D . L. Coblentz, and 
H.Temkin, “Novel technique for determining internal loss of individual semiconductor 
laser”, Electron.Lett. 28, 171 (1992). 
 
108 
 
71. E. A. Avrutin, I. E. Chebunina, I. A. Eliashevitch, S. A. Gurevich, and G. E. Shtengel, 
“TE and TM optical gains in AlGaAs/GaAs single-quantum-well lasers”, Semicond. Sci. 
Technol. 8, 80 (1993). 
 
72. L. J. P. Ketelsen, “Simple technique for measuring cavity loss in semiconductor lasers”, 
Electron.Lett. 30, 1422 (1994). 
 
73. G. E. Shtengel and D. A. Ackerman, “Internal optical loss measurements in 1.3 μm 
InGaAsP lasers”, Electron.Lett. 31, 1157 (1995). 
 
74. P. Blood, A. L. Kucharska, J. P. Jacobs, and K. griffiths, "Measurement and calculation 
of spontaneous recombination current and optical gain in GaAs-AlGaAs wuantum-well 
structures," J. Appl. Phys. 70 (3), 1144 (1991). 
 
75. J. Stohs, D. J. Bossert, D. J. Gallant, and S. R. J. Brueck, "Gain, Refractive Index 
Change, and Linewidth Enhancement Factor in Broad-Area GaAs and InGaAs Quantum-
Well Lasers," IEEE J Quantum Electron. 37 (11), 1449 (2001). 
 
76. Y. Arakawa and A. Yariv, "Theory of Gain, Modulation Response, and Spectral 
Linewidth in AlGaAs Quantum Well Lasers," IEEE J Quantum Electron. 21 (10), 1666 
(1985). 
 
77. Y. Arakawa and A. Yariv, "Quantum Well lasers - Gain, Spectra, Dynamics," IEEE J 
Quantum Electron. 22 (9), 1887 (1986). 
 
78. A. Oster, G. Erbert, and H. Wenzel, “Gain spectra measurements by a variable stripe 
length method with current injection”, Electron. Lett. 33, 864 (1997). 
 
79. J. L. Zilko, L. J. P. Ketelsen, Y. Twu, D. P. Wilt, S. G. Napholtz, J. P. Blaha, K. E. 
Strege, V. G. Riggs, D. V. Vanharen, S. Y. Leung, P. M. Nitzsche, J. A. Long, G. 
Przyblek, J. Lopata, M. W. Focht, and L. A. Koszi, “Growth and characterization of high 
yield, reliable, high power, high-speed InP/InGaAsP capped mesa buried heterostructure 
distributed feedback lasers”, IEEE J. Quantum Electron. 25, 2091 (1989). 
 
80. D. T. Cassidy, “Technique for measurement of the gain spectra of semiconductor lasers”, 
J. Appl. Phys. 56, 3096 (1984). 
 
81. L. A. Lam Sin Cho, P. M. Smowton, B. Thomas, “Spectral gain measurements for 
semiconductor laser diodes”, IEE Proc. Part J. 137, 64 (1990). 
 
82. B. W. Hakki and T. L. Paoli, “Gain Spectra in GaAs double-heterostructure injection 
lasers,” J. Appl. Phys., 46 (3), 1299 (1975). 
 
109 
 
83. D. J. Bossert and D. Gallant, “Improved method for gain/index measurements of 
semiconductor lasers,” Elec. Lett. 32 (4) 338 (1996). 
 
84. B. W. Hakki and T. L. Paoli, “cw degradation at 300K of GaAs double-heterostructure 
junction lasers. I. emission spectra,” J. Appl. Phys. 44 (9), 4108 (1973). 
 
85. B. W. Hakki and T. L. Paoli, “cw degradation at 300K of GaAs double-heterostructure 
junction lasers. II. Electronic gain,” J. Appl. Phys. 44 (9), 4113 (1973). 
 
86. C. H. Henry, R. A. Logan, and K. A. Bartness, “Spectral dependence of the change in 
refractive index due to carrier injection in GaAs lasers”, J. Appl. Phys. 52, 4457 (1981). 
 
87. C. H. Henry, “Theory of Linewidth of Semiconductor Lasers,” IEEE J. Quantum 
Electron., 18 (2), 259 (1982). 
 
88. H. Casey and M. Panish, Heterostructure Lasers (Academic Press, New York, 1978). 
 
89. M. W. Fleming and A. Mooradian, “Fundamental Line broadening of single mode 
GaAlAs diode lasers”, Appl. Phys. Lett. 38, 511 (1981). 
 
90. K. Vahala and A. Yariv, “Semiclassical theory of noise in semiconductor lasers”, IEEE J. 
Quantum. Electron. 19, 1096 (1983). 
 
91. C. Harder, K. Vahala, and A. Yariv, “Measurement of the linewidth enhancement factor 
α of semiconductor lasers”, Appl. Phys. Lett. 42, 328 (1983). 
 
92. F. Devaux, Y. Sorel, and J. F. Kerdilis, “Simple Measurement of Fiber Dispersion and of 
Chirp Parameter of Intensity Modulated Light Emitter”, J. Light. Techn. 11, 1937 (1993).  
 
93. I. D. Henning and J. V. Collins, “Measurements of the Semiconductor Laser Linewidth 
Broadening Factor”, Electron. Lett. 19, 927 (1983). 
 
94. L. D. Westbrook, B. Eng, “Measurements of dg/dN and dn/dN and their dependence on 
photon energy in λ=1.55μm InGaAsP laser diodes”, IEE Proc. Part J. 133, 135 (1986). 
 
95. W. Rideout, B. Yu, J. LaCourse, P. K. York, K. J. Beernink, and J. J. Coleman, 
“Measurement of the carrier dependence of differential gain, refractive index, and 
linewidth enhancement factor in strained-layer quantum well lasers”, Appl. Phys. Lett. 
56, 706 (1990). 
 
96. A. S. Schönfelder, S. Weisser, J. D. Ralston, J. Rosenzweig, “Differential Gain, 
Refractive Index, and Linewidth Enhancement Factor in High-Speed GaAs-Based MQW 
Lasers: Influence of Strain and p-Doping”, IEEE Photon. Techn. Lett. 6, 891 (1994). 
 
110 
 
97. W. T. Masselink, P. J. Pearah, J. Klem, C. K. Peng, and H. Morkoc, "Absorption 
coefficients and exciton oscillator strengths in AlGaAs-GaAs superlattices," Phys. Rev. B 
32 (12), 8027 (1985). 
 
 
 
